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Executive Summary 
 
 
The Slotted Waveguide Antennas Stiffened Structure (SWASS) concept is a conformal load bearing 
antenna structure designed by a joint Defence Science and Technology Organisation (DSTO) and 
Air Force Research Laboratory (AFRL) team. In SWASS the top-hat cross-section stiffeners that are 
commonly used to reinforce thin aircraft skins (or blade stiffeners in sandwich panels) double as 
microwave waveguides. Slots machined through the outer skin of the stiffened panel and into 
these waveguides may operate as slotted waveguide antenna arrays. The SWASS concept may 
therefore be integrated into the airframe with very little weight and drag penalty compared to 
conventional protruding aircraft antennas. However the structural impact of the slot and the 
orientation of the stiffeners have limited the real-world application of the SWASS concept. This 
work has investigated electromagnetic metamaterials as one approach to overcome these 
limitations. 
 
Metamaterials are constructed by embedding sub-wavelength inclusions into a host medium to 
form a one, two or three dimensional volume. These inclusions act analogous to artificial 
molecules that can be engineered to produce the desired bulk material response. In this regard, the 
metamaterial gains its properties from its structure rather than from its composition. 
Unfortunately the narrow bandwidth and high loss inherent to existing metamaterial designs has 
limited their widespread use amongst the engineering community. This work tackled the 
bandwidth limitation by incorporating varactors in the unit cell for electronic control of the fields 
within the metamaterial volume.  
 
This thesis has demonstrated a new metamaterial design that exhibits a negative refractive index 
capable of being tuned across the entire C microwave band (nominally 4.0 GHz to 8.0 GHz). The 
strong localised electromagnetic fields identified in the metamaterial unit cell were used to 
enhance the gain of a sub-resonant length slot. This effectively decoupled the mechanical and 
electromagnetic design limitations that plagued the SWASS concept. Furthermore, the ability to 
tune the propagating mode inspired the development of a new coaxial composite right/left-
  
iv 
 
handed transmission line for the purpose of electronic beam steering in the SWASS. This has 
expanded the SWASS concept to applications where the stiffener orientation was previously not 
conducive to the desired antenna scan plane.  
 
Finally, metamaterials have the potential to revolutionise the way we manipulate the 
electromagnetic spectrum. It is hoped that this work takes one small step toward bridging the gap 
between the science of metamaterials and the real-world engineering application of their unique 
properties.  
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1 Introduction 
 
1.1 Overview 
The last decade has witnessed the rapid growth of a new research field that is known under the 
generic title of metamaterials. Interest in these so-called metamaterials spans both the science and 
engineering communities with the majority of potential applications reported in the acoustic and 
electromagnetic realms.  
 
At present there is no universally accepted definition for what constitutes a metamaterial. So for 
the purpose of this work, a metamaterial will be generally defined as an artificially fabricated 
structure on the sub-wavelength scale that exhibits a new, physically realisable, response to an 
incident wave. This response may not occur or be readily available in conventional materials. For 
example, the literature on metamaterials abounds with such novel properties as negative phase 
velocity and super resolution. 
 
Metamaterials are constructed by embedding sub-wavelength inclusions into a host medium to 
form a one, two or three dimensional volume. These inclusions act analogous to artificial 
molecules that can be engineered to produce the desired bulk material response. In this regard, the 
metamaterial gains its properties from its structure rather than from its composition. For example, 
the split-ring resonator exhibits diamagnetic properties over a limited bandwidth yet no magnetic 
materials are required for its construction. 
 
This work is concerned with electromagnetic metamaterials operating at microwave frequencies (C 
microwave band, nominally 4.0 GHz to 8.0 GHz) and their application to the Slotted Waveguide 
Antenna Stiffened Structure (SWASS). The sub-wavelength inclusions take the form of electronic 
circuits constructed using conventional printed circuit board (PCB) and lithographic techniques 
along with traditional circuit elements such as inductors, capacitors and resistors. The inclusions 
are arranged into periodic unit cells with millimetre dimensions. The bulk material response of the 
metamaterial will be described by its effective material properties such as the electric permittivity 
and magnetic permeability. 
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1.2 Motivation and Organisation 
Metamaterials have the potential to revolutionise the way we manipulate the electromagnetic 
spectrum. The literature abounds with many novel and interesting ways to capitalise on the exotic 
properties that metamaterials offer. Yet very few practical killer applications have evolved due 
primarily to the narrow band and high loss inherent to existing metamaterial structures.  
 
This work aims to tackle the bandwidth limitation by combining electronically tunable elements 
with a unit cell design that permits control of the proposed metamaterial over the entire C 
microwave band. The strong localised electromagnetic fields and currents observed within this 
new metamaterial unit cell are exploited to enhance the performance of the SWASS. The 
difficulties regarding the design, fabrication and measurement of tunable metamaterial structures 
and their application to a real-world problem are discussed. 
 
The historical development of metamaterials will be reviewed in Chapter 2. A new electronically 
tunable metamaterial will be developed in Chapter 3 that will highlight several key properties that 
may be of great benefit to the SWASS concept. Chapter 4 demonstrates how a metamaterial-
inspired approach to SWASS permits reasonable radiation from a resonant slot antenna while 
minimising the impact on the mechanical performance of the parent structure. A composite 
right/left-handed transmission line (CRLH-TL) is adapted to the SWASS concept for the purpose 
of electronic beam steering in Chapter 5.  
 
1.3 Original Contribution 
This thesis has demonstrated a new metamaterial design that exhibits a negative refractive index 
capable of being tuned across the entire C microwave band (nominally 4.0 GHz to 8.0 GHz). The 
strong localised electromagnetic fields identified in the metamaterial unit cell were used to 
enhance the gain of a sub-resonant length slot. This effectively decoupled the mechanical and 
electromagnetic design limitations that plagued the SWASS concept. Furthermore, the ability to 
tune the propagating mode inspired the development of a new coaxial composite right/left-
handed transmission line for the purpose of electronic beam steering in the SWASS. This has 
expanded the SWASS concept to applications where the stiffener orientation was previously not 
conducive to the desired antenna scan plane.  
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The major developments of this work are summarised in the following selected peer-reviewed 
journal publications and conference proceedings: 
 
Journal Publications: 
 
J1. K. J. Nicholson, W. S. T. Rowe, P. J. Callus, K. Ghorbani and T. Itoh, ‘Coaxial Right / Left 
Handed Transmission Line for Electronic Beam Steering in the Slotted Waveguide Antenna 
Stiffened Structure’, IEEE Microwave Theory and Techniques, vol. 62, no. 4, pp. 773–778, 2014.  
 
J2. A. Galehdar, K. J. Nicholson, P. J. Callus, W. S. T. Rowe, S. John, C. H. Wang, and K. 
Ghorbani, ‘The strong diamagnetic behaviour of unidirectional carbon fiber reinforced 
polymer laminates’, Journal of Applied Physics, vol. 112, no. 11, pp. 113921–113921–6, Dec. 
2012. 
 
J3. K. J. Nicholson, W. S. T. Rowe, P. J. Callus, and K. Ghorbani, ‘Small slot design for slotted 
waveguide antenna stiffened structure’, IET Electronics Letters, vol. 48, no. 12, pp. 676–677, 
2012. 
 
J4. A. Bojovschi, K. J. Nicholson, A. Galehdar, P. J. Callus, and K. Ghorbani, ‘The Role of Fibre 
Orientation on the Electromagnetic Performance of Waveguides Manufactured from 
Carbon Fibre Reinforced Plastic’, Progress In Electromagnetics Research, vol. 39, pp. 267–280, 
2012. 
 
J5. K. J. Nicholson, W. S. T. Rowe, P. J. Callus, and K. Ghorbani, ‘Split-Ring Resonator Loading 
for the Slotted Waveguide Antenna Stiffened Structure’, IEEE Antennas and Wireless 
Propagation Letters, vol. 10, pp. 1524–1527, 2011. 
 
J6. K. J. Nicholson, W. S. T. Rowe, and K. Ghorbani, ‘Design and demonstration of a 
metamaterial with electronically tunable negative refraction across the C microwave band’, 
IET Microwaves, Antennas & Propagation, vol. 5, no. 6, pp. 631–636, 2011. 
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Conference Proceedings: 
 
C1. K. J. Nicholson, W. S. T. Rowe, P. J. Callus, and K. Ghorbani, ‘Electronically Tunable 
Composite Right / Left Handed Transmission Line for the Slotted Waveguide Antenna 
Stiffened Structure’, in Proceedings of the Seventh International Congress on Advanced 
Electromagnetic Materials in Microwaves and Optics, Bordeaux, France, 2013, pp. 109–111. 
 
C2. K. J. Nicholson, W. S. T. Rowe, K. Ghorbani,, and P. J. Callus, ‘Split-ring resonator loaded 
miniaturized slot for the Slotted Waveguide Antenna Stiffened Structure’, in Proceedings of 
the Fifth International Congress on Advanced Electromagnetic Materials in Microwaves and Optics, 
Barcelona, Spain, 2011, pp. 540–542. 
 
C3. K. J. Nicholson, W. S. T. Rowe, P. J. Callus, and K. Ghorbani, ‘Split-ring Resonator Loaded 
Slot Array’, in Asia Pacific Microwave Conference Proceedings, Melbourne, Australia, 2011, pp. 
1338–1341. 
 
C4. A. Bojovschi, A. Galehdar, K. J. Nicholson, P. J. Callus, and K. Ghorbani,, ‘X-band 
waveguide array fed by a slotted waveguide’, in Asia Pacific Microwave Conference 
Proceedings, Melbourne, Australia, 2011, pp. 1206–1209. 
 
C5. K. J. Nicholson and K. Ghorbani, ‘A metamaterial structure with high tunability’, in 
Proceedings of the Fourth International Congress on Advanced Electromagnetic Materials in 
Microwaves and Optics, Karlsruhe, Germany, 2010, pp. 241–243. 
 
C6. D. Gray, K. J. Nicholson, K. Ghorbani, and P. J. Callus, ‘Carbon fibre reinforced plastic 
slotted waveguide antenna’, in Asia Pacific Microwave Conference Proceedings, Yokohama, 
Japan, 2010, pp. 307–310. 
 
C7. A. Galehdar, K. J. Nicholson, W. S. T. Rowe, and K. Ghorbani, ‘The conductivity of 
unidirectional and quasi isotropic carbon fibre composites’, in Proceedings of the 40th 
European Microwave Conference, Paris, France, 2010, pp. 882–885. 
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C8. K. J. Nicholson and K. Ghorbani, ‘Design, manufacture and measurement of a metamaterial 
with tunable negative-refractive index region’, in Asia Pacific Microwave Conference 
Proceedings, Suntec City, Singapore, 2009, pp. 1231–1233. 
 
The major developments of Chapter 3 have been reported in publications [J6], [C5] and [C8]. The 
major developments of Chapter 4 have been reported in publications [J5], [J3], [C2] and [C3]. The 
major developments of Chapter 5 have been reported in publications [J1] and [C1]. The 
developments reported in [J2] and [J4] together with [C4], [C6] and [C7] have since expanded this 
work to include the electromagnetic properties of commercial carbon fibre reinforced polymer.  
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2 Historical Development of Metamaterials 
 
2.1 Introduction 
Interest in electromagnetism dates back thousands of years to the ancient Greeks who first noted 
that fossilised resin, when rubbed with a dry cloth, would attract small lightweight objects. The 
study of electricity and later magnetism as independent phenomena fascinated scientist for 
generations to come. However, it was not until the dawn of the nineteenth century when Danish 
physicist Hans Christian Ørsted discovered that a current carrying wire induced a magnetic field. 
The subsequent work of Andre Ampere and Michael Faraday paved the way for James Clerk 
Maxwell to unite the theories of electricity and magnetism in his seminal text A Treatise on 
Electricity and Magnetism [1] first published in 1873. The equations which now bear his name can be 
summarised in their differential form [2]; 
 
 ∇ ∙  =  (2.1) 
 ∇ ∙  = 0 (2.2) 
 ∇ × 	 = 

 +  (2.3) 
 ∇ ×  = −

 − (2.4) 
   
where D is the electric flux density measured in Coulomb per square metre, ρ is the electric charge 
density measured in Coulomb per cubic metre, B is the magnetic flux density measured in Weber 
per square metre, H is the magnetic field intensity measured in Ampere per metre, J is the electric 
current density measured in Ampere per square metre, E is the electric field intensity measured in 
Volts per metre and M is the (fictitious) magnetic current density measured in Volts per square 
metre. In the absence of any field sources (M, J or ρ) Maxwell's equations simplify to: 
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 ∇ ∙  = 0 (2.5) 
 ∇ ∙  = 0 (2.6) 
 ∇ × 	 = 

  (2.7) 
 ∇ ×  = −

  (2.8) 
 
This work is only concerned with the response of a material to a time-varying electromagnetic 
field. For consistency, a time dependence of  will be assumed so that Maxwell's equations can 
be further simplified; 
 
 ∇ ∙  = 0 (2.9) 
 ∇ ∙  = 0 (2.10) 
 ∇ × 	 = − (2.11) 
 ∇ ×  =  (2.12) 
 
where ω is the angular frequency and t is the time coordinate. The response of a simple isotropic 
material subjected to an electromagnetic field may then be described by the constitutive relations; 
 
  =  (2.13) 
  = 	 (2.14) 
 
where the permittivity (ε) and permeability (µ) are complex quantities. In SI (System International) 
units, the permittivity and permeability take the values; 
 
  = 8.85 × 10 	A	s	V	m (2.15) 
  = 4' × 10(	V	s	Am (2.16) 
 
in vacuum. In a material, the permittivity and permeability are typically scaled by the vacuum 
values such that;  
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  = ) (2.17) 
  = ) (2.18) 
 
where εr is the relative permittivity and µr is the relative permeability. For brevity, the relative 
permittivity and relative permeability will be used to characterise the metamaterial response in 
subsequent chapters. 
 
Combining equations 2.11 and 2.12 with 2.13 and 2.14, the well-known Helmholtz wave equation 
is easily obtained; 
 
 *∇ +  + ,- = 0 (2.19) 
 
with the typical plane-wave solutions; 
 
 ,	- = .	/ e*1∙2+ (2.20) 
 
where k is the wave vector and r is the position vector. For the plane wave solution, it is easy to 
show that ∇→ 1 so that Equations 2.11 and 2.12 can be reduced to: 
 
 1 × 	 = − (2.21) 
 1 ×  = 	 (2.22) 
 
Therefore E, H and k form a right-handed triad for positive ε and µ. However, if ε and µ are 
simultaneously negative, then equations 2.21 and 2.22 must be rewritten as; 
 
 1 × 	 = || (2.23) 
 1 ×  = −||	 (2.24) 
 
so that E, H and k form a left-handed triad. The properties of such a 'left-handed' material were 
first theorised by Veselago in 1968 [3], however, the absence of any such material in nature 
prevented further experimental investigation. Regardless, Veselago concluded that if such a 
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material were found or could be artificially fabricated, then the phase velocity and energy flow 
would be antiparallel. This 'backward wave' material could then be considered as having a 
negative refractive index. Another 30 years would pass before the experimental realisation of such 
materials would incite a torrent of research into what we now term 'metamaterials'. 
 
The remainder of this chapter will describe the major historical developments that finally 
culminated with the first experimental demonstration of negative refraction and launched this 
rapidly growing research field. For a more detailed historical review the reader is referred to 
Volume 1 of the Metamaterials Handbook [4]. 
 
2.2 Artificial Dielectrics 
The idea to manipulate electromagnetic waves by controlling the effective material properties of 
the propagation medium is not a new concept. For example, in 1892 Lord Rayleigh investigated 
the effective properties of a medium constructed from spheres and cylinders arranged in 
rectangular order on a sub-wavelength scale [5]. J. Bose demonstrated the rotation of the plane of 
polarization by man-made twisted jute fibres (pictured Figure 2.1) in 1898 [6]. However, interest in 
artificial media declined until the advent of RADAR and the need for light dielectric radomes 
during the Second World War.  
 
 
Figure 2.1: Twisted jute elements for rotating the polarisation of an incident electromagnetic wave 
(reproduced from [6]). Today such materials are more generally referred to as artificial chiral materials. 
 
W. E. Kock experimentally demonstrated that an array of parallel metal plates of proper shape and 
spacing, may exhibit a focusing action analogous to a dielectric lens with refractive index less than 
unity [7]. However, the plate spacing governed the refractive index and so the useful bandwidth of 
the lens was limited. To overcome this band limitation while maintaining a light-weight and low 
cost lens, Kock suggested the electromagnetic composite lens [8]. His composite lens consisted of 
small metallic spheres periodically arranged in a light-weight matrix, thereby emulating (albeit on 
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a larger scale) the electromagnetic process occurring in a conventional dielectric. Early examples of 
Kock's lenses are pictured in Figure 2.2. 
 
  
(a) (b) 
Figure 2.2: Early artificial dielectric lenses. (a) A plano-concave metal lens constructed using shaped parallel 
plates (reproduced from [7]). (b) A plano-convex lenses constructed using metallic spheres supported by 
foam sheets (reproduced from [8]). 
 
A year after Kock's pioneering work, S. B. Cohn presented a through analytical study of the 
parallel plate lens. Cohn demonstrated that Kock's lens was analogous to a transmission line low-
pass filter [9] and provided experimental evidence to support his model [10].  
 
A good historical account and explanation of the quasi-static theory of artificial dielectrics can be 
found in the review by Brown [11] and the book by Collin [12]. The distinction between 'phase 
advance' artificial dielectrics (with refractive index less than unity) and 'phase delay' artificial 
dielectrics (with refractive index greater than unity) is discussed. Furthermore, several theoretical 
frameworks (including Cohn's transmission line model and the classical approach of Lorentz) for 
estimating the refractive index of artificial dielectrics are reviewed.  
 
2.3 Artificial Plasmas 
In 1962, W. Rotman postulated that a plasma (in the absence of any DC magnetic fields) can be 
emulated by a lossy artificial dielectric with refractive index less than one [13]. To construct such a 
dielectric, Rotman proposed a rodded medium consisting of a two or three dimensional grid of 
wires as illustrated in Figure 2.3. 
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Figure 2.3: The rodded medium constructed from a three dimensional grid of wires. A plasma-like response is 
achieved for an arbitrary polarisation (reproduced from [13]). 
 
Rotman confirmed experimentally that his rodded medium obeys the Drude model of an electric 
plasma. The rodded medium has since been used to achieve beam shaping for a line source [14] 
and a leaky wave antenna [15]. In 1979, the rodded medium was constructed by periodically 
interspersing PIN diodes into the array to achieve a switchable permittivity [16]. Today the rodded 
medium (or 'wire array') is well known because of its fundamental role in the first experimental 
demonstration of a negative index metamaterial [17]. 
 
2.4 Artificial Magnetics 
The ability to achieve a magnetic response from a structure consisting of no naturally magnetic 
constituents has been known since the early 1950s [18] and is well described in the classic text by S. 
A. Schelkunoff and H. T. Friis [19]. 
 
 
Figure 2.4: Early split-ring resonator particle to achieve a magnetic response as described in the text by 
Schelkunoff and Friis (reproduced from [19]). 
 
Schelkunoff and Friis derived the magnetic polarizability of their split-ring-resonator (SRR) 
particle and showed that it obeys a Lorentz frequency response. Elementary electromagnetics 
(Lenz's Law) states that the current induced in a continuous wire loop creates a magnetic dipole 
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that opposes the incident magnetic field. If the loop is broken to form a SRR, its impedance 
becomes capacitive and so the particle exhibits either a paramagnetic (just below resonance) or 
diamagnetic (just above resonance) response. This 'artificial magnetism' can be significantly 
enhanced when the SRR particles are arranged in a lattice. 
 
In the 1980s and early 1990s, resonant metal loops of various geometries were studied for their 
bianisotropic and chiral properties [20]. However, the quest for 'artificial magnetism' from a 
structured lattice necessitated that the lattice period be far less than the incident wavelength. In 
1994 M. V. Kostin and V. V. Shevchenko presented a paper describing a simple method to bring 
the resonance down to common microwave bands by utilising a double SRR arrangement [21]. In 
1999 J. Pendry et al. refined the double SRR design to achieve greater capacitive coupling between 
the loops and so obtain a magnetic resonance at even lower frequencies [22].  
 
  
(a) (b) 
Figure 2.5: Early SRR designs. (a) Kostin and Shevchenko design (reproduced from [21]). (b) Refined design 
presented by Pendry et al. (reproduced from [22]). 
 
The SRR design of Pendry et al. was on a scale far less than the incident wavelength and so 
permitted the effective homogenisation of the lattice array. Furthermore, the planar geometry and 
easy fabrication of the SRR facilitated the experimental measurement of densely packed arrays. 
 
2.5 Milestones in Metamaterial Research 
Engineered materials with simultaneously negative permittivity and permeability were originally 
theorized by Veselago in 1968 [3]. In his seminal paper, Veselago described several fundamental 
properties of materials with simultaneously negative permittivity and permeability. He dubbed 
these materials 'left-handed' to highlight the left-handed triad formed by the E, H and k vectors. In 
summary, Veselago concluded that any 'left-handed' material would exhibit the following 
properties: 
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• The wave vector (k) is directed parallel to the phase velocity. The Poynting vector ( × 	) is 
parallel to the group velocity. Therefore, in a left-handed material, the phase velocity is 
antiparallel to the group velocity (this is the origin of the term 'backward-wave' material). 
 
• The index of refraction, computed as; 
 
  5 = ±√)) (2.25) 
 
for a left-handed material must take the negative root. As a result, a plane wave incident on 
the interface between a left-handed and a right-handed material is refracted negatively. 
 
• The constitutive parameters (permittivity and permeability) of a left-handed material are 
inherently dispersive. Furthermore, they must satisfy the conditions: 
 
 
8*+8 > 0	 (2.26) 
 
8*+8 > 0	 (2.27) 
 
The real part of the permittivity and permeability must therefore be positive over part of 
the spectrum to compensate for their negative values elsewhere. 
 
Veselago concluded his analysis of left-handed media by theorising how such properties might 
impact several well-known effects related to electromagnetic wave propagation: 
 
• Reverse Doppler Shift: The frequency detected by a moving receiver depends on the relative 
velocity of the emitter. In right-handed media, a receiver moving towards the emitter 
detects a higher frequency compared to the stationary observer. However, in a left-handed 
media, the detected frequency is lower compared to the stationary observer. 
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• Backward Cerenkov Radiation: Cerenkov radiation occurs when a charged particle propagates 
through a medium at a velocity greater than the speed of light in the medium. In right-
handed media, the cone of radiation propagates forward. However, in a left-handed media, 
the cone of radiation propagates backwards. 
 
• Negative Goos-Hänchen shift: When a plane wave is incident on the interface between two 
media, it undergoes a lateral shift. In right-handed media, this shift is positive. However, in 
left-handed media, this shift is negative. 
 
A practical means to construct such a left-handed medium was not suggested until 2000 in the 
work of Smith et al. [17]. Building on the work of Pendry and Rotman, Smith experimentally 
demonstrated that a composite medium constructed from a periodic array of interspaced SRRs and 
wires exhibited a frequency region with simultaneously negative permittivity and permeability 
[17].  
 
   
(a) (b) (c) 
Figure 2.6: The first experimental demonstration of simultaneously negative permittivity and permeability 
in a composite medium (reproduced from [17]). (a) Simulated dispersion diagram of the SRR lattice. (b) 
Simulated dispersion diagram of SRR and wire lattice with the pass band illustrated by the dashed line. (c) 
Measured transmission response of the SRR lattice (solid line) and SRR with wire lattice (dashed line). 
 
Smith observed that numerical simulations of his SRR lattice revealed the presence of a band gap 
about the resonant frequency as illustrated in Figure 2.6 (a). This band gap was attributed to the 
effective negative permeability of the SRR lattice over this frequency band. From the work of 
Rotman, the plasma-like response of a wire lattice (with electric field polarised along the wire axis) 
was known to exhibit a stop band below the plasma frequency. Smith attributed this stop band to 
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the effective negative permittivity of the wire lattice. The simulated dispersion diagram of the 
composite SRR and wire lattice revealed a clear pass band as illustrated in Figure 2.6 (b). The 
negative permittivity of the wire lattice combined with the negative permeability of the SRR lattice 
to allow propagation through the composite medium. This prediction was confirmed 
experimentally in the transmission results of Figure 2.6 (c). 
 
The first experimental demonstration of a negative refractive index was quick to follow in 2001 
with the work of Shelby et al. [23]. Their sample, designed to exhibit simultaneously negative 
permittivity and permeability at 10.5 GHz, was constructed by patterning SRRs and wires on 
alternate sides of a fibreglass circuit board as illustrated in Figure 2.7.  
 
 
Figure 2.7: The manufactured sample used to demonstrate negative refraction (reproduced from [23]). The 
sample exhibits negative refraction when the incident wave is propagating in the horizontal plane with the 
electric field polarised in the vertical direction.  
 
A wedge shaped sample of the metamaterial was constructed by interlocking the printed circuit 
boards. The refractive index of the sample was measured using the simple parallel plate 
waveguide set up illustrated in Figure 2.8 (a). A microwave detector recorded the peak power 
spectrum as a function of angle and the refractive index was estimated using Snell's Law. In [23], 
the term left-handed-material (LHM) denotes the metamaterial sample and is indicative of the left-
handed triad formed by the E, H and k vectors in a medium with simultaneously negative 
permittivity and permeability. 
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(a) (b) 
Figure 2.8: The experimental measurement of negative refraction. (a) Experimental setup to measure 
negative refraction and (b) transmitted power versus refraction angle for the metamaterial (LHM) and 
Teflon wedges at 10.5 GHz (reproduced from [23]). 
 
A refractive index of +1.4 was measured for the Teflon wedge thereby calibrating the measurement 
setup. For the metamaterial (LHM) sample, a refractive index of -2.7 was measured in close 
numerical agreement to the theoretical refractive index.  
 
 
Figure 2.9: Refractive index of metamaterial and Teflon wedge samples. The dotted portion of the measured 
LHM (black) curve indicate regions where the index is either outside the measurement setup or the losses 
within the material dominate. The dotted portion of the theoretical LHM (red) curve is the imaginary 
component of the refractive index (reproduced from [23]). 
 
At first the experimental method in [23] was met with some criticism. For example, in [24] it is 
highlighted that the measurements were taken at an intermediate distance from the exit face of the 
wedge. If the imaginary component of the permittivity dominated the real component, then the 
refractive index is complex and so measurement of the normalised power versus angle is 
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ambiguous. The authors suggest that the observed negative refraction is perhaps the result of 
tunnelling through the thinner region of the wedge. Nonetheless, the negative refraction of a LHM 
has since been confirmed in free-space setups with measurements taken well in the far field [25]–
[27].  
 
The experimental measurement of negative refraction has also been extended to one dimensional 
and two dimensional transmission line analogues [28], [29]. It is well known that a conventional 
transmission line is composed of distributed series inductance and shunt capacitances. The 
conventional transmission line may then be regarded as a one dimensional right-handed material 
(RHM). However, if the inductance and capacitance are switched, the resulting transmission line 
will support backwards waves and hence can represent a one or two dimensional LHM.  
 
  
(a) (b) 
Figure 2.10: Left-handed and right-handed transmission lines. (a) Conventional right handed transmission 
line and (b) idealised left-handed transmission line (reproduced from [30]). 
 
Practical implementation of this left-handed transmission line (LH-TL) must always contain a 
parasitic series inductance and shunt capacitance and so are often referred to in the literature as 
composite right/left-handed transmission lines (CRLH-TL). A significant body or research has 
since been devoted to microwave applications of CRHL-TL and is discussed at length in the book 
by Caloz and Itoh [31].   
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(a) (b) 
Figure 2.11: Practical implementations of a left-handed transmission line. (a) One dimensional composite 
left/right-handed transmission line and (b) two dimensional composite left/right-handed transmission line 
(reproduced from [30]). 
 
These elegant experimental demonstrations of negative refraction and the controversy they created 
in the media inspired renewed interest in the topic of artificial media. But most importantly, they 
established the ground work for what is now called metamaterials. However, practical applications 
of metamaterials have not been quick to develop due to the high transmission loss and narrow 
negative index bandwidth inherent to existing metamaterial architectures. Regardless, many new 
and wonderful ideas for these designer materials have since appeared in the literature.  
 
2.6 The Potential of Metamaterials 
The existence of negative refraction captured the imagination of scientist and engineers alike but 
lacked practical application. In response, the research community searched for other features of 
metamaterials that may be of benefit. Consequently many useful properties were reported with a 
host of novel applications. However, it was the development of the perfect lens and the 
electromagnetic cloak that caught the attention of the general public and ensured continued 
interest (and most importantly funding) in metamaterials research. The perfect lens and cloak will 
be briefly discussed in this section, but the interested reader is referred to the wonderful review by 
Shamonina [32]. 
 
Veselago [3] hypothesized in his seminal paper that a slab of negative index material will focus an 
image analogous to a convention (curved) lens. However, Veselago did not realised that such a 
planar lens may beat the diffraction limit [33]. In 2000, Pendry [34] extended the analysis and 
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revealed, in principle, that a planar lenses with εr = µr = -1 will exhibit infinite spatial resolution. 
The focused image is constructed in much the same was as a conventional lens but with the added 
ability to amplify the evanescent waves emanating from the source. This unique feature of 
metamaterials stem from their ability to support surface modes (analogous to surface plasmons on 
metals) at the interface of the slab. 
 
  
(a) (b) 
Figure 2.12: Sub-wavelength imaging with the perfect slab lens. (a) Focusing of propagating modes by 
negative refraction and (b) amplification of evanescent modes inside the slab (reproduced from [35]). 
 
The concept of a perfect lens was met with strong criticism [36]–[38] that was quickly addressed by 
Pendry [39]. The practical implementation of a perfect lens, however, remained a technical 
challenge for some time. Material losses prevent the fabrication of a metamaterial with perfect εr = 
µr = -1. Consequently, the theoretical infinite spatial resolution predicted by Pendry proved to be a 
mathematical abstraction. Regardless, in 2004, sub-wavelength imaging (albeit with a lossy 
metamaterial) was first demonstrated at microwave frequencies [40] and has since been extended 
to the infrared [41] and optical [42] spectrums. 
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(a) (b) 
Figure 2.13: Sub-wavelength imaging with 2D transmission line metamaterial. (a) Experimental setup and 
(b) measured vertical electric field at the source (dash), image (solid) and theoretical diffraction-limited result 
for a continuous media (dot-dash) (reproduced from [40]). 
 
In parallel to the development of the perfect lens was the idea of an electromagnetic cloak. The 
invariance of Maxwell's equations to a coordinate transform and the unique ability to engineer a 
metamaterial with specific permittivity and permeability allowed for unprecedented control of 
electromagnetic waves. In 2006 Pendry [43] and Leonhardt [44] proposed a mathematical scheme 
to manipulate electromagnetic waves by introducing a prescribed spatial variation of the 
constitutive parameters.  
 
  
(a) (b) 
Figure 2.14: Electromagnetic transformation theory. (a) A field line in Cartesian space and (b) in the 
transformed space (reproduced from [43]). 
 
With the mathematical framework in place, a working metamaterial cloak at 8.5 GHz was soon 
demonstrated [45]. The cloak consisted of ten concentric layers of SRRs with piecewise relative 
permittivity between 0.1 and 0.3 surrounding a copper cylinder. The measured field strength 
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clearly demonstrated the effectiveness of the cloak to reduce backscatter and minimise the shadow 
cast by the copper cylinder.  
 
 
(a) 
  
(b) (c) 
Figure 2.15: Electromagnetic cloak. (a) Manufactured cloak with permeability profile and SRR geometry.  
Measured electric field strength for a (b) copper cylinder and (c) cloaked copper cylinder (reproduced from 
[45]). 
 
The potential of metamaterials to influence the way we manipulate electromagnetic waves is 
profound. The prefix 'meta' derives from the Greek meaning 'above' or 'beyond' and with the 
experimental validation of sub-wavelength imaging and cloaking, metamaterials today have 
fulfilled their namesake. However, the practical importance of metamaterials to a host of scientific 
and engineering applications remains a subject of keen interest as evidenced by the recent 
explosion in metamaterial publications and books [4], [12], [31], [46]–[55]. The remainder of this 
work is concerned with engineering a tunable metamaterial for a specific antenna application. 
 
  
  
22 
 
3 Engineering a Tunable Metamaterial 
 
3.1 Introduction 
Metamaterials to date have been fabricated using static elements like distributed inductors, 
capacitors and printed circuit boards. Consequently the operating frequency of these 
metamaterials are fixed once assembled. Furthermore, metamaterials that benefit from negative 
constitutive parameters are inherently bandwidth limited as a result of dispersion. For example, 
the metamaterials used to demonstrate sub-wavelength imaging and cloaking exhibited the 
necessary constitutive properties only over a narrow frequency band. Away from this frequency 
band, the metamaterials fail to achieve their function. The ability to tune the electromagnetic 
response of a metamaterial over a frequency band is therefore highly desirable from an 
applications perspective. 
 
Research into tunable metamaterial first appeared in 2003 with the publication of two approaches 
to engineering nonlinear electromagnetic properties. The first approach suggested the insertion of 
a nonlinear element (such as a diode) into the unit cell of the metamaterial [56]. The second 
approach suggested replacing the host medium (encapsulating the resonant elements) with a 
nonlinear dielectric [57]. By varying the incident field strength, the constitutive properties of the 
metamaterial were shown theoretically to exhibit a nonlinear response. 
 
Although both approaches may appear fundamentally different, the underlying physics is very 
similar. For example, consider a SRR embedded in a nonlinear host dielectric. When excited by a 
plane wave, the induced electric field is concentrated in the SRR gap and so only a localised region 
of the host dielectric is responsible for the nonlinearity. The effect may be equally achieved by 
substituting a nonlinear device (such as a diode) in the SRR gap.  
 
The key advantage of one approach over the other in achieving a tunable metamaterial is evident 
in the fabrication. At microwave frequencies (where the metamaterial unit cell is typically of  
millimetre dimensions), lumped elements like diodes, capacitors, inductors and varactors are 
easily manipulated. At infrared and optical frequencies, such elements are not feasible and so the 
engineer must resort to the use of nonlinear dielectrics for the encapsulating medium or substrate. 
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This work is concerned with the application of metamaterials operating over the C microwave 
band (nominally 4.0 GHz to 8.0 GHz) and will therefore adopt the lumped element approach to 
tunability. 
 
In addition to the two already discussed methods utilising field strength to achieve a nonlinear 
response, a variety of novel approaches have since been devised whereby the properties of the 
metamaterial are tuned in response to some external stimuli such as a DC voltage, optical signal or 
mechanical deformation. Furthermore, this tunability may pertain to either a frequency shift of the 
resonance or a magnitude change in one or both of the constitutive parameters.  
 
The majority of methods to achieve tunability have focused on manipulating the magnetic 
resonance of the SRR. This focus is understandable given the tremendous interest in negative 
refraction and the potential bandwidth over which it may be tuned. For example, consider the 
simple array of wires and SRRs as illustrated in Figure 2.7. As the wires are continuous in the E 
axis, the array exhibits an effective negative permittivity from DC up to the electric plasma 
frequency (governed by the lattice spacing in the H-k plane). Negative permeability, however, is 
only achieved in the narrow band between the magnetic resonance and magnetic plasma 
frequencies of the SRR. Tuning the magnetic resonance frequency over the negative permittivity 
band will therefore yield a tunable negative refractive index.  
 
The experimental demonstration of a unit cell exhibiting a tunable magnetic resonance was first 
reported in [58]. A single conducting coil loaded with a varicap diode and biasing circuit was 
fabricated and measured in a APL-40 coaxial line. The varicap diode and biasing circuit loaded the 
coil through vias in the coaxial line. By varying the supply voltage, the magnetic resonance of the 
loaded coil was tuned from 0.1 GHz to 0.5 GHz. The experimental setup is presented in Figure 3.1. 
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Figure 3.1: Experimental setup and detail of the tunable coil (reproduced from [58]). 
 
In isolation, the unit cell analysed in [58] provided excellent tunability of the magnetic resonance. 
However, the bias circuit hindered the fabrication of a volumetric metamaterial sample. Building 
on this theme, the position of the capacitive loading was analysed in [59]. Again a single SRR was 
investigated, but this time with capacitive loading across different regions of the element as 
illustrated in Figure 3.2.  
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(a) (b) (c) 
 
(d) 
Figure 3.2: SRR with capacitor loading. (a) Capacitor loading between rings, (b) in the gap region of the 
outer ring, (c) in the gap region of the inner ring and (d) measured magnetic resonance (reproduced from 
[59]). 
 
By utilising different value capacitors, the magnetic resonance was piecewise tuned across the 
measured bandwidth. The total capacitance of configuration (a) has two contributions; the first is 
attributed to the gap in each ring whereas the second is associated with the lumped capacitor 
between the inner and outer ring. The series contribution of the first (much smaller) capacitance 
(Cgap) with the second (much larger) lumped capacitance (Clumped) ultimately limited the net tunable 
range of the magnetic resonance. For example, consider the simplified equivalent circuit of 
configuration (a) illustrated in Figure 3.3. 
 
 
Figure 3.3: Equivalent circuit of the SRR in Figure 3.2 (b) with lumped capacitor loading. 
 
The magnetic resonance of the circuit in Figure 3.3 is easily derived; 
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 : = ; 1<=>?:@AB + 1<=CD@ (3.1) 
 
where L is the average ring inductance. The magnetic resonance then tunes according to the 
approximate relation; 
 
 
∂:∂=>?:@AB ≈ −12;
=CD@<=>?:@ABH  (3.2) 
 
when  =>?:@AB ≫ =CD@. Compare this with the simplified equivalent circuit of configuration (b) 
illustrated in Figure 3.4. 
 
 
Figure 3.4: Equivalent circuit of the SRR in Figure 3.2 (b) with lumped capacitor loading. 
 
The magnetic resonance is then given by; 
 
 : = ; 1<*=>?:@AB + =CD@+ (3.3) 
 
and tunes according to the approximate relation; 
 
 
∂:∂=>?:@AB ≈ −12; 1<=>?:@ABJ  (3.4) 
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when  =>?:@AB ≫ =CD@ so that for an equivalent inductance (L), the gradient in Equation 3.4 far 
exceed that of Equation 3.2. Hence, the circuit in Figure 3.4 achieves a significantly greater shift in 
magnetic resonance for the same change in lumped capacitance compared to the circuit of Figure 
3.3. This is clearly evident in the measured results of Figure 3.2 (d). A similar analysis may be 
performed for the SRR configuration in Figure 3.2 (c). 
 
The SRR design used in [59] stemmed from the early work of Pendry [22] where it was desirable to 
achieve a magnetic resonance at a sufficiently low frequency so that the structure may be 
homogenised. The concentric SRR design was necessary to ensure a sufficient inductance / 
capacitance combination. However, including a lumped capacitance across the outer split-ring in 
Figure 3.2 (b) or the inner split-ring in Figure 3.2 (c) rendered the other (unloaded) split-ring 
effectively obsolete.  
 
If lumped capacitances are considered for inclusion in the unit cell design, then an equivalent 
homogenisation may be achieved with the much simpler single capacitor-loaded split-ring with 
equivalent circuit illustrated in Figure 3.5. 
 
 
Figure 3.5: Equivalent circuit of a SRR with lumped capacitor loading. 
 
The magnetic resonance is then given by; 
 
 : = ; 1<=>?:@AB (3.5) 
 
and tunes according to the relation: 
 
  
28 
 
 
∂:∂=>?:@AB = −12; 1<=>?:@ABJ  (3.6) 
 
This simplified SRR design was adopted in [60] where the tunable element was implemented using 
a low-doped n-type silicone dice as illustrated in Figure 3.6.  
 
 
Figure 3.6: Experimental setup of the photo doped SRR (reproduced from [60]). 
 
The photo-induced losses in the silicon dice were manipulated using a near-IR illumination (via 
optic fibre) while the microwave response of the SRR was monitored. When the silicon dice was 
not in electrical contact with the copper SRR, the intensity of the illuminating near-IR light tuned 
the magnetic resonance. When the silicone dice was in electrical contact with the SRR, the intensity 
of the illuminating light modulated the magnitude of the magnetic resonance. The measured 
response of the unit cell for both cases is reproduced in Figure 3.7. 
 
  
(a) (b) 
Figure 3.7: Experimental results when (a) the silicon dice was not in electrical contact with SRR and (b) 
when the silicon dice was in electrical contact with the SRR (reproduced from [60]). 
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The ability to completely supress the magnetic resonance in the SRR of Figure 3.6 is a unique 
advantage of this approach to tunability. For example, a metamaterial constructed using this SRR 
may find applications in optical switching or modulation. However, the requirement to illuminate 
each SRR in a volumetric metamaterial may prove to be a fabrication challenge. Furthermore, the 
range over which the magnetic resonance was tuned (approximately 0.5 GHz at X-band) was 
limited by the achievable properties of the photo doped silicone dice. Tunability over a much 
larger region of the X-band may have been possible if a more suitable material were found. 
 
All attempts at tunability reported thus far have considered just one SRR in isolation. In a 
volumetric metamaterial the challenge of individually manipulating the response of each unit cell 
is a formidable task. Alternative methods to achieve tunability have since adopted a bulk approach 
whereby all SRR in the array are modified together in response to some external stimuli. For 
example, in [61] the mechanical movement of one lattice layer relative to its adjacent layer was 
shown to exhibit periodic tuning. The metamaterial geometry and experimental results are 
reproduced in Figure 3.8. 
 
  
(a) (b) 
Figure 3.8: Structural tunability achieved by displacing every second lattice layer. (a) Sample geometry and 
(b) experimentally measured transmission for different lattice spacing (reproduced from [61]). 
 
Although the tunable range in Figure 3.8 is finite because of the periodicity of the lattice, the 
approach is not limited to microwave frequencies. The approach is easily scalable with frequency 
as there is no dependence on the inherent properties of a nonlinear material or device. A similar 
approach to tunability has since been implemented at infrared frequencies by mechanically 
deforming the substrate [62].  
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(a) (b) 
Figure 3.9: Tunable SRR at infrared frequencies achieved by mechanical deforming the elastomeric substrate 
to modify the distance between the resonant elements. (a) Sample geometry and (b) experimentally measured 
reflectance for different deformations (reproduced from [62]). 
 
The mechanical deformation of a metamaterial requires precise movements. This may be a 
convenient way to achieve tunability at infrared and optical frequencies in a volumetric 
metamaterial. However at microwave frequencies, the associated mechanics are not necessary 
because there is an assortment of tunable elements (such as varactors) that exhibit sufficient 
bandwidth to cover a typical microwave band.  
 
To construct a tunable metamaterial at microwave frequencies, all that is required is a suitable 
resonant geometry and simple means to enact a change in all the lumped elements across the 
sample. What has been missing to date is a unit cell design that maximise this tunable range while 
conveniently permitting bulk control over all the lumped elements. For example, in [63] a double-
split-ring resonator was loaded with a single ferroelectric varactor as illustrated in Figure 3.10. 
Tunability was achieved by applying a DC voltage across the unit cells in parallel. 
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(a) (b) (c) (d) 
Figure 3.10: Ferroelectric tunable metamaterial. (a) Unit cell, (b) single lattice layer, (c) measurement 
geometry and (d) experimental/simulated results comparison (reproduced from [63]). 
 
Although bulk control over all the varactors was achieved, the tunable range of the magnetic 
resonance was not maximised. A 0.3 mm gap region was necessary to prevent the varactor 
shorting. However, this gap region introduced a capacitance (Cgap) in series with the varactor 
capacitance (Clumped) that ultimately limited the net tunable range. Hence the equivalent circuit is 
identical to Figure 3.3. The tunable range (%) is defined as; 
 
 K = 2 × :	:DL − :	:M:	:DL + :	:M × 100 (3.7) 
 
where ωm0 max is the maximum achievable magnetic resonance frequency and ωm0 min is the 
minimum achievable magnetic resonance frequency for the SRR design. For the results published 
in [63], a tunable range of T = 8.5 % was achieved.  
 
In this chapter a new metamaterial unit cell consisting of two commercial varactors and a series 
connected split-ring (SC-SRR) geometry is shown to exhibit a negative refractive index with 
sufficient tunability to span the C microwave band (yielding a T > 50 %). Furthermore, the unit cell 
is easily biased across the metamaterial sample. A single lattice layer of the proposed structure is 
realised in a WR-137 waveguide and correlated using a full wave numerical simulations of the 
proposed metamaterial on the unit cell (micro) and bulk medium (macro) scale.  
 
3.2 The Split-Ring Resonator 
Every metamaterial exhibiting negative permeability to date has utilised some permutation of the 
split-ring design with most exhibiting a fixed magnetic resonance frequency. Those metamaterials 
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that achieve tunability of the magnetic resonance have been hindered by either mechanical or 
material constraints. Furthermore,  such metamaterials have been limited by a ring design that fails 
to maximise the tunable range for a given change in the non-linear inclusion.  
 
To achieve wide-band tunability of the magnetic resonance in a volumetric metamaterial requires 
careful design of the split-ring geometry. For this work, a single ring consisting of two splits (each 
loaded with a lumped varactor) will be investigated. This ring design (when combined with the 
chopped-wire element introduced in Section 3.3) permits the easy biasing of the varactors while 
maximising the tunable range as illustrated in Section 3.4. The proposed split-ring design is 
illustrated in Figure 3.11.  
 
 
Figure 3.11: Split-ring resonator unit cell. 
 
The symmetry of this split-ring design with regards to the E and H fields excludes any 
bianisotropic or chiral properties. Hence, the vector dependence of these field quantities may be 
dropped if only the magnetic response of the particle (when illuminated as illustrated in Figure 
3.11) is considered. The effective relative permeability of an array of the proposed split-rings may 
then be calculated by adapting the analysis from [22] for the lumped element case. Although the 
theory behind the conventional split-ring design is well understood in the literature, it is 
advantageous to explicitly derive the effective permeability of the proposed double split-ring 
design (with lumped element loading) to aid in the analysis of the new SC-SRR unit cell 
considered in Section 3.4 and the two dimensional case in Section 3.7. For the proposed double 
split-ring geometry, first let; 
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 NO +N O = N (3.8) 
 
where H1 is the magnetic field encompassed by the ring, H2 is the magnetic field exterior to the 
ring and H0 is the total magnetic field across the unit cell. The ratios F1 and F2 denote the 
proportion of the unit cell area interior and exterior to the split-ring in the E-k plane. The ratios are 
given by; 
 
 O = P8QR
 
 (3.9) 
 O = 1 − O (3.10) 
 
where d is the mean ring dimension (measured along the centre of the split-ring metallisation as 
illustrated in Figure 3.11) and a is the unit cell dimension in the E-k plane. Applying Ampere’s 
circuital law (Equation 2.3) in integral form to the unit cell yields the following relations; 
 
 N = N + Sℎ O  (3.11) 
 N = N − SℎO (3.12) 
 
where I is the current flowing in the split-ring and h is the unit cell width in the H axis. Balancing 
the induced electromotive force (EMF) around the spit-ring yields the equation; 
 
 NOQ = S PU − =R (3.13) 
 
where σ is the total Ohmic resistance of the split-ring and C = 0.5 × Clumped is the series capacitance 
of the lumped elements. Solving for the current yields; 
 
 S = NOQ VU + = − OO Q
 
ℎ W

 (3.14) 
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where Equation 3.11 has been substituted for H1. If the unit cell is sufficiently small compared to 
the wavelength, the effective permeability may be defined in terms of the average field quantities;  
 
 〈Y〉 = A[[〈N〉 (3.15) 
 
where the average magnetic flux over the unit cell face in the H-k plane is given by µ0H0 and the 
average field over a line (orthogonal to the unit cell face) lying entirely outside the split-ring is 
given by H2. Therefore; 
 
 A[[ = NN  (3.16) 
 
and by substitution of Equation 3.12 and Equation 3.14 yields; 
 
 A[[ = 1 − P8QR
 V1 − 2ℎ 8 =>?:@AB +  Uℎ8 W

 (3.17) 
 
for the relative effective magnetic permeability of the split-ring geometry in Figure 3.11. The factor 
of 2 arises from the series connection of Clumped. This equation may be further simplified by 
identifying the classical inductance of a single-turn coil; 
 
 <\MC =	8 ℎ  (3.18) 
 
and ignoring losses so that the relative effective permeability is well approximated by: 
 
 A[[ = 1 − P8QR
 V1 − 2 <\MC=>?:@ABW

 (3.19) 
 
The inductance (Lring) assumes the split-ring is well approximated by an infinitely thin cylindrical 
wire so that the relation F1 + F2 = 1 is strictly satisfied. Furthermore, the analysis assumes the split-
rings are stacked sufficiently close such that the magnetic lines of force are due solely to the 
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induced currents. This implies that a is of similar magnitude to d and much larger than h so that a 
column of stacked split-rings is well approximated by a continuous coil.  
 
At microwave frequencies, the PCB copper trace typically used to fabricate the split-ring will 
exhibit a high width-to-height aspect ratio. Furthermore, the unit cell dimensions may not satisfy 
the coil approximation. Consequently, the ring inductance is better approximated using traditional 
PCB design tables (for example, see [64]). As a general rule-of-thumb at C-band frequencies, the 
inductance of a typical linear PCB trace (similar to what might realistically be used for the split-
ring) may be estimated using 1.0 nH.mm-1.  
 
Consider a split-ring with mean ring dimension d = 3.0 mm in a unit cell measuring 8.0 x 11.6 mm 
in the E-H plane and 8.0 mm in the k axis. These dimensions were chosen such that an integral 
number of unit cells fit within the WR-137 waveguide cross-section to later facilitate the easy 
experimental measurement of the proposed metamaterial in Section 3.6. The unit cell dimensions 
therefore do not satisfy the coil approximation. Regardless, the magnetic resonance may be 
estimated by solving Equation 3.19 for the frequency at which the permeability diverges: 
 
 
]: = 1^2' <\MC=>?:@AB (3.20) 
 
If each gap in the split-ring is loaded with Clumped = 0.3 pF and the ring inductance is approximated 
as the series connection of four 1.0 mm lengths (ignoring the inductance of the split-ring corners), 
the magnetic resonance is estimated to be fm0 = 6.5 GHz. The approximations made thus far may be 
evaluated against the numerical simulation of the split-ring by using the electromagnetic software 
package Microwave Studio by Computer Simulation Technology (CST). The simulation unit cell is 
presented in Figure 3.12 (a) for a single copper split-ring suspended in free space. 
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(a) (b) 
Figure 3.12: Split-ring resonator unit cell in (a) Microwave Studio and (b) with differential port 
connections. A lumped capacitance of 0.3 pF was connected between the split-ring gaps.  
 
The efficient simulation of the split-ring unit cell containing two lumped elements may be 
facilitated by regarding the structure as a black box with four differential ports as illustrated in 
Figure 3.12 (b). Port 1 and Port 2 represent the plain wave excitation of the unit cell whereas Port 3 
and Port 4 are loaded with the lumped capacitors. Once the four port unit cell has been 
characterised by its transfer function, the response at Port 1 and Port 2 for any value of the lumped 
capacitance is quickly determined by multiplication of the transfer matrices. To evaluate the four 
port unit cell in Figure 3.12 (a), the F-Solver in CST was utilised with perfect electric and magnetic 
boundaries to emulate a plane wave excitation of the structure.  
 
The simulated S-parameters for a single lattice layer of the split-ring unit cell in the k axis is 
presented Figure 3.13 along with the extracted permeability determined using the method 
developed in Appendix A. 
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(a) (b) 
Figure 3.13: Simulated (a) S-parameters and (b) effective permeability for one unit cell of the split-ring 
metamaterial. 
 
The simulated S-parameters and the effective permeability for the split-ring metamaterial 
demonstrate a clear resonance at 6.4 GHz in close agreement with the estimated magnetic 
resonance frequency. The loss (calculated as 1 − |_| − |_ |  ) in the unit cell is attributed to the 
finite conductivity of the copper used in the simulation. In general, decreasing the split-ring 
conductivity broadens the resonance peak until the negative permeability region is completely 
supressed. From the simulated result in Figure 3.13, a negative permeability was achieved over the 
bandwidth 6.4 GHz to 6.5 GHz. 
 
3.3 The Chopped-Wire Array 
The continuous wire array was first investigated by Rotman in 1962 [13]. However, the recent 
interest in metamaterials has inspired renewed research into these artificial dielectrics. For 
example, the continuous wire array may be used to emulate a negative effective permittivity. 
When combined with the negative permeability response of the split-ring, the resulting two-phase 
composite metamaterial exhibits a negative effective refractive index. However, the response of 
this metamaterial is typically fixed unless a means to tune the electric or magnetic constituent is 
provided. 
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Tunable metamaterials to date have focused on manipulating the response of just the split-ring 
element by utilising a variety of external stimuli. A means to tune the electric response of the wire 
array has been ignored to a large extent. However, if a lumped element approach to tunability is 
adopted, the wire array may also provide a convenient means to ‘connect’ each split-ring thereby 
allowing for bulk control over the metamaterial volume. A DC bias applied across the connected 
elements in the metamaterial may be used to tune both the magnetic and electric responses 
together. The chopped-wire array (loaded with lumped varactors) will be investigated in this 
section and later combined with the split-ring in Section 3.4 to realise the new SC-SRR unit cell. 
The proposed chopped-wire element is illustrated in Figure 3.14.  
 
 
Figure 3.14: Chopped-wire unit cell. 
 
The effective relative permittivity of this structure may be estimated by adapting the analysis from 
[65]. Although the theory behind the conventional continuous wire design is well understood in 
the literature, it is advantageous to explicitly derive the effective permittivity of the proposed 
chopped-wire design (with lumped element loading) to aid in the analysis of the new SC-SRR unit 
cell considered in Section 3.4 and the two dimensional case in Section 3.7. For the proposed 
chopped-wire geometry, first express the electric field (E) per unit length as; 
 
 ` = S V<a\A + 1=>?:@ABQW (3.21) 
 
where I is the current flowing along the wire, Lwire is the total wire inductance (self and mutual) per 
unit length and Ohmic losses have been ignored for clarity. The electric flux density (D) is related 
to the electric field (E) and the polarisation (P) inside the medium by the relation; 
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  =  + b (3.22) 
 
and for a time varying electric field the polarisation is given by; 
 
 b =  (3.23) 
 
where J is the current density in the unit cell. Taking just the component parallel to the wire yields 
the polarisation;  
 
 c = SℎQ (3.24) 
 
where the product ha is the unit cell cross-section in the H-k plane. Combining Equation 3.22 and 
Equation 3.24 with Equation 3.21 yields; 
 
 d =  V1 + =>?:@ABℎ*1 −  <a\A=>?:@ABQ+W ` (3.25) 
 
for the component parallel to the wires. The effective relative permittivity for the lossless chopped-
wire metamaterial is then clearly; 
 
 A[[ = 1 + =>?:@ABℎ*1 −  <a\A=>?:@ABQ+ (3.26) 
 
where the electric resonance may be estimated by solving Equation 3.26 for the frequency at which 
the permittivity diverges: 
 
 ]A = 12' 1e<a\A=>?:@ABQ (3.27) 
 
The electric plasma frequency may be estimated by solving Equation 3.26 for the case when the 
effective permittivity is zero:  
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 ]Af = 12'; 1<a\A=>?:@ABQ P1 + =>?:@ABℎ R (3.28) 
 
Consider the unit cell with dimensions a = 8.0 and h = 11.6 mm with a lumped capacitance of 0.6 
pF. The total wire inductance (self and mutual) per unit length of the asymmetric array may be 
estimated according to the relation [66]; 
 
 <a\A = log j
Qkl log jℎkl' mlog jQkl + log jℎkln 
(3.29) 
 
where r is the effective radius of the chopped-wire. As a first approximation, the 1.0 mm wide 
microstrip implementation of the proposed chopped-wire structure may be regarded as cylindrical 
with r = 0.5 mm. The electric resonance frequency is then estimated to be fe0 = 3.0 GHz and the 
electric plasma frequency to be feP = 8.0 GHz. 
 
The approximations made thus far may be evaluated against the numerical simulation of the 
chopped-wire in CST. The simulation unit cell is presented in Figure 3.15 (a) for a single chopped-
wire suspended in free space.  
 
 
 
(a) (b) 
Figure 3.15: Chopped-wire unit cell in (a) Microwave Studio and (b) with differential port connections. A 
lumped capacitance of 0.6 pF was connected between the chopped-wires. 
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As for the split-ring simulation in Section 3.2, the chopped-wire structure was first characterised 
by its transfer function using the differential port approach as illustrated in Figure 3.15 (b). The F-
Solver in CST was utilised with perfect electric and magnetic boundaries to emulate a plane wave 
excitation of the structure. 
 
The simulated S-parameters for a single lattice layer of the chopped-wire unit cell in the k axis is 
presented Figure 3.16 along with the extracted permittivity determined using the method 
developed in Appendix A. 
 
  
(a) (b) 
Figure 3.16: Simulated (a) S-parameters and (b) effective permittivity for one unit cell of the chopped-wire 
metamaterial. 
 
The effective permittivity for the chopped-wire metamaterial exhibited an electric resonance about 
3.0 GHz. Furthermore, the electric plasma frequency occurred at approximately 8.6 GHz. The 
approximations used to estimate the resonance and plasma frequencies are therefore in reasonable 
agreement with the simulation results. Although a better estimate of the microstrip inductance 
may further improve the estimated resonance and plasma frequencies, the desired negative 
permittivity was achieved over the C microwave band.  
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3.4 The SC-SRR Metamaterial 
The proposed tunable metamaterial unit cell is presented in Figure 3.17 (a). A metamaterial 
constructed from this unit cell consists of a planar arrangement of split-ring resonators connected 
in series with an external DC bias for tuning as shown in Figure 3.17 (b). 
 
 
 
(a) (b) 
Figure 3.17: Proposed tunable metamaterial (a) unit cell and (b) single lattice layer with DC bias. 
 
This series connected split-ring resonator (SC-SRR) structure is stacked (along a vector 
perpendicular to the page) to form a single layer of the metamaterial lattice in the propagation 
direction. When illuminated by a plane wave, the linearity of Maxwell’s equations permits the 
decomposition of the induced currents into two components. The time-varying magnetic flux 
linking the split-ring induces a loop current whereas the time-varying electric field across the unit 
cell induces a linear current. Hence, the unit cell in Figure 3.17 can be regarded as the 
superposition of the split-ring from Section 3.2 and chopped-wire from Section 3.3. 
 
The loop current in the split-ring encounters two capacitances in series, yielding a net ring 
capacitance of 0.5*Clumped. The linear current across the cut-wire encounters two capacitances in 
parallel, yielding a net capacitance of 2*Clumped. The potential advantage of this unit cell rests in the 
careful choice of the gap capacitances and element inductances to ensure the magnetic resonance 
falls between the electric resonance and electric plasma frequencies. Re-casting the resonance and 
plasma frequency equations from Section 3.2 and Section 3.3 for the proposed SC-SRR unit cell 
yields; 
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]: = 1^2' <\MC=>?:@AB (3.30) 
 ]A = 12' 1e2 × <a\A=>?:@ABQ (3.31) 
 ]Af = 12'; 12 × <a\A=>?:@ABQ P1 + 2 × =>?:@ABℎ R (3.32) 
 
from which it can be shown that the estimated magnetic resonance (fm0) lies between the estimated 
electric resonance (fe0) and plasma (feP) frequencies for lumped capacitances greater than 0.2 pF. 
This is illustrated in Figure 3.18 where the upper bound for the negative refractive index occurs 
slightly above 8.0 GHz and the lower bound is limited by the tunable range of the lumped 
capacitance. 
 
 
Figure 3.18: Estimated magnetic resonance, electric resonance and electric plasma frequency dependence on 
the lumped capacitance for the SC-SRR metamaterial. For capacitances above 0.2 pF, the proposed SC-SRR 
metamaterial is anticipated to exhibit a negative index of refraction. 
 
For completeness, consider a unit cell with dimensions a = 8.0, h = 11.6 mm, d = 3.0 mm and a 
lumped capacitance of 0.3 pF in each gap as illustrated in Figure 3.19 (a). As for the split-ring and 
chopped-wire simulations, the proposed SC-SRR was first characterised by its transfer function 
using the differential port approach in CST as illustrated in Figure 3.19 (b).  
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(a) (b) 
Figure 3.19: SC-SRR unit cell in (a) Microwave Studio and (b) with differential port connections. A lumped 
capacitance of 0.3 pF was connected between the split-ring gaps. 
 
The simulated S-parameters for a single lattice layer of the SC-SRR unit cell in the k axis is 
presented Figure 3.20. 
  
 
 
 
 
(a) (b) 
Figure 3.20: Simulated S-parameters, (a) magnitude and (b) phase, for one unit cell of the proposed SC-SRR 
metamaterial. 
 
The extracted permittivity and permeability, determined using the method developed in Appendix 
A, are presented in Figure 3.21. 
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(a) (b) 
Figure 3.21: Simulated effective (a) permittivity and (b) permeability for one unit cell of the proposed SC-
SRR metamaterial. 
 
There is reasonable qualitative agreement between the effective properties of the SC-SRR in Figure 
3.21 and the constitutive elements in Figure 3.13 (b) and Figure 3.16 (b). However, the finite lattice 
periodicity gives rise to the anti-resonant behaviour in the effective permittivity at the exact same 
frequency as the magnetic resonance [67]. Since the wave number in any periodic media is 
bounded by; 
 
 o:DL = 'Q (3.33) 
 
then by definition the refractive index of a continuous medium;  
 
 5 = po  (3.34) 
 
must also be bounded. The extraction method presented in Appendix A presumes a continuous 
medium and so enforces the relation; 
 
 5 = e (3.35) 
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which consequently results in the observed anti-resonant behaviour if a bounded refractive index 
is to be satisfied. One manifestation of this artefact is the presence of a seemingly unphysical 
negative value of ε” in Figure 3.21 (a). Since a time dependence of  has been assumed, the 
negative values of ε” represent gain in the SC-SRR and can only be explained if the total dissipated 
energy (W) in the metamaterial; 
 
 q = 14'rs"*+|`*+| + "*+|N*+| u. 8 (3.36) 
 
is considered. Hence, passivity requires that W > 0 which does not necessitate that either ε” or µ” 
are both simultaneously positive. The extracted impedance and refractive index are presented in 
Figure 3.22. 
 
  
(a) (b) 
Figure 3.22: Simulated effective (a) refractive index and (b) impedance for one unit cell of the proposed SC-
SRR metamaterial. 
 
There is a clear negative refractive index region in Figure 3.22 located where the effective 
permeability and permittivity are both simultaneously negative. However, ambiguities in the 
homogenisation procedure (such as the selection of the branch index and specification of the 
effective material thickness) inherent to the estimation of the effective material properties, may 
question the existence of this negative index band. As suggested in [68], a macroscopic simulation 
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of the proposed structure may be used to confirm the existence of the negative index band by 
observing the direction of the phase velocity within the metamaterial volume. 
 
A slab ten unit cells thick (in the propagation direction) of the proposed SC-SRR metamaterial was 
simulated in CST using copper metallisation suspended in free space with a gap capacitance of 0.3 
pF. A plane wave was incident from the left, normal to slab surface, as illustrated in Figure 3.23. 
  
  
(a) (b) 
Figure 3.23: Electric field distribution at 6.4 GHz on the (a) mid plane between elements and (b) plane 
containing the SC-SRR elements. 
 
In the free space preceding the SC-SRR metamaterial slab, the phase propagates away from the 
source (positive phase velocity). However, in the SC-SRR metamaterial volume, the phase 
propagates towards the source (negative phase velocity) clearly indicating a negative index of 
refraction. This was observed in the electric field (a) on the unit cell boundary and (b) on the plane 
containing the metallic elements suggesting the metamaterial is well approximated by a negative 
refractive index for this incident polarisation. On the far side of the SC-SRR metamaterial slab, the 
phase once again propagates away from the source as expected. 
 
The presence of a negative refractive index for the proposed SC-SRR metamaterial has been 
established. However, for the magnitude of the refractive index to be meaningful, it is necessary to 
establish the effective thickness of the proposed SC-SRR metamaterial. In the preceding 
simulations, the effective thickness of the SC-SRR metamaterial (in the propagation direction) was 
assumed equal to the periodicity of the unit cell multiplied by the number of lattice layers. Since 
the impedance of a general material is independent of its thickness, the validity of this assumption 
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was confirmed by comparing the effective impedance of the SC-SRR metamaterial for one, two and 
three lattice layers in the propagation direction. The results are presented in Figure 3.24. 
 
  
(a) (b) 
Figure 3.24: Simulated (a) real and (b) imaginary effective impedance of the SC-SRR metamaterial for one, 
two and three lattice layers in the propagation direction. 
 
The reasonable qualitative agreement between the simulated impedance (both real and imaginary 
components) supports the effective thickness assumption. Hence the effective material thickness is 
(to a good approximation) equivalent to the periodicity of the lattice multiplied by the number of 
lattice layers in the propagation direction for a symmetric one dimensional metamaterial. The 
proposed SC-SRR metamaterial is therefore well described by its homogenised constitutive 
properties. The remainder of this chapter is concerned with the experimental fabrication and 
measurement of the SC-SRR metamaterial. 
 
3.5 Varactor Selection 
In Section 3.4 a suitable resonant geometry was established that permits the easy biasing of the 
lumped elements in a volumetric metamaterial. Furthermore, the proposed SC-SRR metamaterial 
maximises the tunable range of the magnetic resonance for a given change in the lumped elements. 
The bias circuit doubles as the chopped-wire array such that the SC-SRR metamaterial exhibits a 
tunable negative refractive index. This section is concerned with the identification of a suitable 
lumped element for the fabrication of the SC-SRR metamaterial.  
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A selection of commercially available and in-house fabricated semiconductor varactors were 
considered for the experimental demonstration of the SC-SRR metamaterial. Factors such as cost, 
ease of fabrication/installation and operating bandwidth were assessed. Furthermore, as typical 
varactor datasheets only quote performance up to 50 MHz, it was necessary to independently 
characterise the device performance over the C microwave band. The capacitance of each varactor 
was determined from the measured S11 parameter using a two-point regressive algorithm. 
Consider the varactor input impedance at the discrete frequency sample denoted by the subscript 
i; 
 
 v = v P1 + _1 − _R = w + xy (3.37) 
  
where Z0 = 50 Ω is the real system impedance. The reactance may then be related to the varactor 
parameters; 
 
 y = < − 1= (3.38) 
 
where Li is the parasitic package inductance and Ci is the parallel combination of the junction 
capacitance and parasitic package capacitance at the ith frequency sample. If the parasitic 
inductance of the varactor is assumed to vary slowly with frequency (a reasonable assumption 
provided the varactor does not become self-resonant), one may equate the inductance at two 
discrete frequency samples (separated by 2 x ∆) to yield; 
 
 
y∆∆ + 1∆ = ≅
y|∆|∆ + 1|∆ = (3.39) 
 
where the capacitance at the centre frequency may be estimated according to; 
 
  
50 
 
 = ≅ |∆ − ∆ |∆∆ × 1∆y|∆ − |∆y∆ (3.40) 
 
assuming operation well below the dielectric breakdown voltage. A similar analysis may be 
performed by equating the capacitances to yield an estimate of the parasitic inductance at the 
centre frequency. A typical separation (2 x ∆) of 0.1 GHz between frequency samples was found to 
yield a stable estimate of the varactor capacitance over the microwave frequencies considered.  
 
3.5.1 Skyworks SMV-1231-079 Silicon Hyperabrupt Varactor 
The Skyworks SMV-1231 series of silicon hyperabrupt junction varactor diodes offer a cheap (at 
approximately $0.50 per device) tunable element for metamaterial applications. The SC-79 
packaging was selected based on the dimensions of the proposed SC-SRR unit cell.  
 
The varactor was mounted on 50.0 Ω microstrip printed on Rogers RT/duroid© 5880 (0.508 mm 
thick) substrate with 0.5 oz. copper. The structure was then characterised using the Anritsu 
Universal Test Fixture Model 3680K connected to the Agilent N5245A PNA-X Series vector 
network analyser. The capacitance was determined from the measured S11 parameter using the 
two-point regressive algorithm for different bias voltages generated by a Agilent 6614C DC power 
supply. The measured varactor performance is summarised in Figure 3.24. 
 
 
Figure 3.25: Measured capacitance for the Skyworks SMV-1231-079 silicon hyperabrupt varactor. 
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The SMV-1231-079 varactor exhibited the characteristic hyperabrupt profile with excellent tunable 
range (utilising a similar definition to Equation 3.7 yields T = 107 % at 2.5 GHz). However, for 
frequencies above 3.5 GHz, the varactor became self-resonant and was therefore unusable for the 
proposed SC-SRR metamaterial for operation over the C microwave band. Regardless, the low unit 
cost of this varactor lends itself to the fabrication of large metamaterial sample. For example, a 
simple planar array of double-split ring resonators (illustrated in Figure 3.26) was fabricated to 
demonstrate the ease with which this varactor may be incorporated into a functional metamaterial 
structure. 
 
 
 
(a) (b) 
Figure 3.26: Planar array of double-split ring resonators implemented on FR-4 substrate with the SMV-
1231-079 varactor. (a) Simulation geometry and (b) free-space reflection/transmission measurement setup 
with sample. 
 
The metamaterial sample illustrated in Figure 3.26 consisted of 200 varactors with plated-through-
hole vias to connect each half of the SRR. The bias wires run perpendicular to the incident electric 
field and therefore do not dominate the effective permittivity of the structure. Consequently the 
measured transmission, summarised in Figure 3.27, exhibited the characteristic resonance 
associated with the diamagnetic response of the SRR.  
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Figure 3.27: Measured transmission through the planar array of double-split ring resonators implemented 
using the SMV-1231-079 silicon hyperabrupt varactor and FR-4 substrate. 
 
Unfortunately the small electrical size of the fabricated sample (measuring just 100 mm x 100 mm) 
prevented the reliable determination of the effective permeability from the measured S-
parameters. Regardless, the double-split ring array fabricated using the SMV-1231-079 varactor 
exhibited a strong resonance that was tuned by T = 38%. The lower tunable range was limited by 
the bandwidth of the horn antennas.  
 
The design, fabrication and measurement of this sample highlighted the difficulties associated 
with the experimental characterisation of metamaterial structures. The free-space 
reflection/transmission measurement approach necessitates the fabrication of electrically large 
sample which equates to many hundreds of unit-cells. Uniformity and reliability of the varactors 
across the unit cells will therefore be an issue. Hence, the experimental characterisation of the SC-
SRR metamaterial will focus on parallel-plate and rectangular waveguide measurements where 
smaller sample dimensions are sufficient.   
 
3.5.2 RMIT University BST Interdigital Varactor 
Barium Strontium Titanate (BST) ferroelectric thin films have recently been investigated at RMIT 
University for the fabrication of interdigital capacitors (IDC) for reconfigurable microwave circuits 
[69], [70]. BST thin films exhibit a high dielectric constant that may be tuned with the application of 
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a static DC field. Furthermore, BST thin films exhibits low loss at microwave frequencies and are 
therefore very attractive for inclusion into the metamaterial unit cell.  
 
For this investigation a Ba0.5Sr0.5TiO3 thin film was deposited onto a c-plane (001) sapphire 
substrate by RF magnetron sputtering according to the procedure developed in [71]. The IDCs 
were then deposited on the BST thin film to yield the representative structure illustrated in Figure 
3.28.  
 
 
 
(a) (b) 
Figure 3.28: Illustration of a representative IDC on BST thin film. (a) Cross-section and (b) plan-form 
geometry (reproduced from [71]). 
 
A sweep of IDCs were fabricated with varying finger number, length, spacing and overlap. The 
capacitance of each design may be estimated using the conformal mapping-based model of the 
IDC developed in [72], [73] and implemented using Matlab in Appendix B. The IDC design 
estimated to yield a capacitance greater than the 0.2 pF, necessary for the proposed SC-SRR 
metamaterial, consisted of eight fingers spaced 2.0 µm apart with an overlap region of 200 µm. The 
selected IDC for inclusion into the SC-SRR metamaterial is presented in Figure 3.29. 
 
  
54 
 
 
Figure 3.29: SEM image of the selected IDC together with on-wafer calibration standards. 
 
The S11 parameter of this varactor was measured using a microwave wafer probe (40A-GSG-200-Q 
from GGB Industries) mounted on a Newport x-y-z micropositioner. The VNA was first calibrated 
using the Thru-Reflect-Line technique with a CS-5 calibration substrate from GGB Industries. The 
parasitic inductance, capacitance and resistance associated with the IDC pads was de-embedded 
using the on-wafer open and short standards identified in Figure 3.29. The measured IDC 
performance is summarised in Figure 3.30. 
 
 
Figure 3.30: Measured capacitance for the BST interdigital capacitor fabricated at RMIT University. 
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This IDC exhibited excellent linearity from 1.5 GHz to 12.5 GHz with no hint at self-resonance over 
the measured microwave band. It is therefore anticipated that this device may remain capacitive 
well beyond 12.5 GHz. Furthermore, this IDC exhibited a tunable range (utilising a similar 
definition to Equation 3.7) of T = 20 % at 8.5 GHz. However, about 40% of the fabricated IDC 
samples exhibited the anticipated performance. The remainder were either damaged (missing 
fingers) or exhibited defects in the BST thin film that limited tunability.  
 
 
Figure 3.31: Composite SEM images of typical IDCs with missing or damaged fingers.  
 
The lack of uniformity between the IDCs will hinder the experimental demonstration of large 
metamaterial samples where many identical IDCs may be required. For example, a simple array of 
10 unit cells of the proposed SC-SRR metamaterial was fabricated using this IDC design and 
characterised using the parallel plate geometry illustrated in Figure 3.32 (a). 
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(a) (b) 
Figure 3.32: Experimental characterisation of the SC-SRR metamaterial using the RMIT fabricated BST 
varactor. (a) Parallel plate measurement setup (with top plate removed) and (b) measured transmission 
through the SC-SRR metamaterial for a bias of 1.0 V. 
 
The measured transmission exhibited a broad pass band centred about 7.2 GHz for a bias voltage 
of 1.0 V per unit cell. This was in good agreement with the theoretical result of Figure 3.18 for a 
lumped capacitance of 0.24 pF. However, the width of the pass band suggested that lumped 
capacitances ranging from approximately 0.20 pF to 0.30 pF may have been present in the SC-SRR 
sample. Unfortunately, the application of greater bias voltages failed to yield any noticeable 
change in the measured transmission of Figure 3.32 (b).  
 
It is uncertain how many of the IDCs in the sample were inoperable or operating incorrectly. 
However, had each IDC operated as expected, the SC-SRR metamaterial may have exhibited a 
tunable negative refractive index. This experiment highlighted the importance of unit cell 
uniformity across the metamaterial volume if a clear resonance is to be observed and tuned over 
the desired bandwidth.  
 
3.5.3 Aeroflex MGV125-08-0805 GaAs Hyperabrupt Varactor 
The Aeroflex MGV125 series of GaAs hyperabrupt junction varactor diodes offer excellent tuning 
performance over the C microwave band according to the device data sheet. However, the unit 
cost of the MGV125 varactor (at approximately $10.00 per device) may be prohibitive for the 
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manufacture of large metamaterial samples. The 0805 packaging was selected based on the 
dimensions of the proposed SC-SRR unit cell.  
 
The Aeroflex varactor was  mounted on 50.0 Ω microstrip printed on Rogers RT/duroid© 5880 
(0.508 mm thick) substrate with 0.5 oz. copper. The structure was then characterised using the 
Anritsu Universal Test Fixture Model 3680K connected to the Agilent N5245A PNA-X Series vector 
network analyser. The capacitance was determined from the measured S11 parameter using the 
two-point regressive algorithm for different bias voltages generated by a Agilent 6614C DC power 
supply. The measured varactor performance is summarised in Figure 3.33. 
 
 
Figure 3.33: Measured capacitance for the Aeroflex MGV125-08-0805 GaAs hyperabrupt varactor. 
 
The MGV125-08-0805 varactor exhibited the characteristic hyperabrupt profile with excellent 
tunable range over the C microwave band (utilising a similar definition to Equation 3.7 yields T = 
120 % at 6.5 GHz). This varactor will therefore be used for the experimental demonstration of the 
SC-SRR metamaterial in Section 3.6. 
  
3.6 Experimental Demonstration of the SC-SRR Metamaterial 
In Section 3.5 a selection of typical varactors were assessed for the experimental validation of the 
SC-SRR metamaterial developed in Section 3.4. The final chosen varactor was the Aeroflex 
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metamaterial be constructed. Hence the SC-SRR metamaterial was fabricated with dimensions 
suitable for characterisation within a WR-137 rectangular waveguide.  
 
The unit cell dimensions of the final SC-SRR metamaterial sample characterised in Section 3.4 were 
chosen such that an integral number of unit cells fit within a WR-137 waveguide. The final 
dimensions are repeated in Table 3.1. 
 
Unit cell dimension in E-k plane (a) 8.0 mm 
Unit cell dimension in H axis (h) 11.6 mm 
Ring mean dimension (d) 3.0 mm 
Ring gap for varactor 0.5 mm 
Metallisation width 1.0 mm 
Table 3.1: SC-SRR metamaterial sample dimensions for fabrication on Rogers RT/duroid© 5880 (0.508 mm 
thick) substrate with 0.5 oz. copper metallisation. 
 
A single lattice layer of the SC-SRR metamaterial was fabricated on Rogers RT/duroid© 5880 
(0.508 mm thick) substrate with 0.5 oz. copper. Each unit cell pair was installed in the waveguide 
by soldering to insulated copper strips on the upper and lower broad walls. The DC bias was 
applied to the metamaterial via small (1.0mm diameter) holes drilled through the centre of each 
broad wall. The final SC-SRR sample is illustrated in Figure 3.34. 
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Figure 3.34: SC-SRR metamaterial sample with protective Perspex covers. The protective Perspex covers 
were removed for microwave measurement. 
 
The Agilent N5245A PNA-X series vector network analyser was first calibrated according to the 
Thru-Reflect-Line procedure using WR-137 waveguide standards. The DC bias was supplied from 
a Agilent 6614C DC power supply. The S-parameters of the SC-SRR metamaterial were then 
determined for 2.0 V increments from 2.0 V to 18.0 V bias per unit cell. The measured S-parameters 
are summarised in Figure 3.35. 
 
  
(a) (b) 
Figure 3.35: Measured S-parameters, (a) magnitude and (b) phase, for the SC-SRR metamaterial in 2.0 V 
increments from 2.0 V to 18.0 V. 
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The measured and simulated real homogenised refractive index, determined using the method 
developed in Appendix A, is presented in Figure 3.36. 
 
   
(a) (b) 
Figure 3.36: (a) Measured and (b) simulated real effective refractive index for the SC-SRR metamaterial in 
2.0 V increments from 2.0 V to 18.0 V. 
 
A region exhibiting negative refraction was clearly observed in the measured results of Figure 3.36 
(a) for bias voltages from 2.0 V to 18.0 V. This corresponded to a tunable range of T = 53 % 
therefore exceeding previously reported metrics discussed in Section 3.1. Furthermore, the position 
of the refractive index is in reasonable agreement with the theoretical and simulated results from 
Section 3.4 and repeated in Figure 3.36 (b), despite the presence of the Rogers RT/duroid© 5880. 
For example, when a 6.0 V per unit cell bias (corresponding to a capacitance of 0.3 pF from Figure 
3.33) was applied, the magnetic resonance occurred just shy of 6.5 GHz as predicted in Figure 3.22 
and Figure 3.36 (b). However, the magnitude of the refractive index at this frequency differed from 
the simulated result. This may be attributed to a discrepancies between varactors (as evident in the 
subtle resonances either side of the main resonance in Figure 3.36 (a) for a given bias voltage), 
Ohmic losses (associated with the copper metallisation and varactor packaging) and dielectric loss 
(associated with the Rogers RT/duroid© 5880 substrate).  
 
To investigate the effects of such losses, a second sample was manufactured with slightly different 
dimensions summarised in Table 3.2.  
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Unit cell dimension in E-k plane (a) 8.0 mm 
Unit cell dimension in H axis (h) 17.5 mm 
Ring mean dimension (d) 4.0 mm 
Ring gap for varactor 0.5 mm 
Metallisation width 1.0 mm 
Table 3.2: Alternative SC-SRR metamaterial sample dimensions for fabrication on Rogers RT/duroid© 5880 
(0.508 mm thick) substrate with 0.5 oz. copper metallisation. 
 
The increased h dimensions was chosen to minimise the amount of substrate to be meshed in CST 
while providing a good opportunity to observe the electric plasma frequency. Furthermore, less 
varactors in the sample will highlight the effect of varactor discrepancy. The increased ring 
dimension was chosen to ensure the tunable range remained within the WR-137 waveguide band. 
The alternative SC-SRR sample is illustrated in Figure 3.37. 
 
 
Figure 3.37: SC-SRR Metamaterial variant to investigate the effects of varactor discrepancy, Ohmic and 
dielectric losses. 
 
The S-parameters of the SC-SRR metamaterial variant were measured using the same Thru-Reflect-
Line calibration procedure. The measured (thin line) and simulated (bold line) S-parameters are 
presented in Figure 3.38 for a bias voltage of 18.0 V per unit cell.  
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(a) (b) 
Figure 3.38: Measured (thin line) and simulated (bold line) S-parameters, (a) magnitude and (b) phase, for 
the SC-SRR metamaterial variant for a bias voltage of 18.0 V. 
 
The real homogenised refractive index, determined using the method developed in Appendix A, is 
presented in Figure 3.39. 
 
 
Figure 3.39: Measured (thin line) and simulated (bold line) effective refractive index for the SC-SRR 
metamaterial variant for a bias voltage of 18.0 V. 
 
To achieve good agreement between the measured and simulated results in Figure 3.38 and Figure 
3.39, it was necessary to include the frequency-dependant behaviour of the varactors reported in 
Section 3.5.3. This was realised in CST by importing the measured S-parameters of eight individual 
varactors into the differential port model of the SC-SRR metamaterial variant. Since each varactor 
was mounted by hand, subtle differences in solder fillets and varactor performance equated to a 
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variation of approximately 4 % in the effective capacitance. This variation is evident in the 
increased width of the negative index band of Figure 3.39. 
 
The electric plasma frequency is evident in the measured results at 7.2 GHz. Increasing the mesh 
density of the substrate in CST failed to achieve better agreement between the simulated and 
measured plasma frequencies. Since the electric plasma frequency is extremely sensitive to the unit 
cell dimensions, subtle errors in the simulated substrate permittivity or placement of the 
manufactured elements within the waveguide may have contributed to this discrepancy. Hence, 
further refinement of the model to better match the manufactured sample may resolve this issue. 
 
3.7 Two Dimensional Variant 
Section 3.6 successfully demonstrated the SC-SRR metamaterial for one incident propagation (k) 
direction. It is logical to consider how the SC-SRR metamaterial may be extended to achieve 
negative refraction for any k in two dimensions. One implementation of the SC-SRR metamaterial 
for two dimensions is illustrated in Figure 3.40. 
 
 
Figure 3.40: Two-dimensional variant of the SC-SRR metamaterial. A lumped capacitance of 0.3 pF was 
connected between the split-ring gaps. 
 
The linearity of Maxwell’s equations permit the decomposition of the induced currents into two 
components. As for the SC-SRR unit cell considered in Section 3.4, the time-varying magnetic flux 
linking the split-rings induces a loop current in either ring. The magnitude of each loop current is 
proportional to the sinusoid of the angle between the ring axis and the incident wave vector. Since 
each loop current encounters two lumped capacitors, the total magnetic resonance is well 
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approximated by Equation 3.30. However, the time-varying electric field across the unit cell 
induces a linear current that encounters four lumped capacitors in parallel. The electric resonance 
and plasma frequencies must be modified accordingly: 
 
 ]A = 12' 1e4 × <a\A=>?:@ABQ (3.41) 
 ]Af = 12'; 14 × <a\A=>?:@ABQ P1 + 4 × =>?:@ABℎ R (3.42) 
 
To demonstrate that this structure exhibits two-dimensional isotropy, the unit cell was simulated 
in CST for two incident wave angles. A lumped capacitance of 0.3 pF was inserted into each gap 
region. The effective permittivity and permeability is identical for both incident angles as 
illustrated in Figure 3.41. 
 
  
(a) (b) 
Figure 3.41: Simulated effective permittivity and permeability for the two-dimensional variant of the SC-
SRR metamaterial when illuminated at (a) 0º and (b) 45º in the x-z plane. 
 
Comparison of Figure 3.41 with Figure 3.21 confirms that the magnetic resonance (at 
approximately 6.5 GHz) has not shifted in frequency. However, the electric resonance has dropped 
to approximately 2.5 GHz in accordance with Equation 3.41. Similarly, the electric plasma 
frequency has increased to approximately 10.0 GHz in accordance with Equation 3.42. The 
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effective refractive index of the two-dimensional variant of the SC-SRR metamaterial is presented 
in Figure 3.42. 
 
 
Figure 3.42: Simulated effective refractive index for the two-dimensional variant of the SC-SRR 
metamaterial. 
 
To further illustrate the two-dimensional isotropy of this metamaterial, a slab eight unit cells thick 
illuminated by a plane wave at 45º was simulated in CST. The simulation geometry is presented in 
Figure 3.43. 
 
 
Figure 3.43: Slab geometry with Floquet boundary conditions on the y-z and x-z boundaries to simulate a 
plane wave incident at 45º relative to the z axis. A lumped capacitance of 0.3 pF was connected between the 
split-ring gaps. 
 
4.5 5 5.5 6 6.5 7 7.5 8 8.5-3
-2
-1
0
1
2
3
4
5
Frequency (GHz)
In
de
x 
(re
la
tiv
e)
 
 
Re(n)
Im(n)
  
66 
 
Floquet boundary conditions were utilised on the y-z and x-z planes to simulate the plane wave 
incident at 45º on the (infinite) slab. Unfortunately it was not possible to utilise the efficient 
differential port approach to model the lumped elements as was done previously. Hence, the 
simulation mesh was necessarily coarse to fit within the available computational resources. The 
simulated fields are illustrated in Figure 3.44. 
 
  
(a) (b) 
Figure 3.44: Electric field distribution at 6.4 GHz on (a) the cell boundary and (b) mid plane of the slab. 
 
Reflections from the SC-SRR slab (attributed to the impedance miss-match between the slab and 
free-space) are responsible for the interference pattern present in the upper third of Figure 3.44. 
Regardless, sufficient energy propagated within the slab volume to enable a rough estimate of the 
effective refractive index using Snell’s Law; 
 
 5 sin*+ = 5 sin* + (3.43) 
 
where n1 = 1 and θ1 = 45º in free space. The refraction angle of the plane wave in the SC-SRR 
metamaterial slab was measured to be approximately θ1 ≈ -20º. Solving for the unknown refractive 
index of the SC-SRR metamaterial slab yielded n1 ≈ -2.1 in reasonable agreement (despite the 
coarse simulation mesh) with the unit cell result of n1 ≈ -2.6 presented in Figure 3.42. 
 
The SC-SRR slab illustrated in Figure 3.43 may be fabricated using conventional PCB technology 
and the Aeroflex MGV125-08-0805 varactor. This structure may be used for a variety of 
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applications. For example, the slab may be used to implement a tunable lens or dynamic phase 
shifter. One unique application of the proposed metamaterial slab that interests the author is the 
zero-phase shift structure.  
 
Consider a slab of the SC-SRR metamaterial paired with an equivalent thickness of a conventional 
material exhibiting positive refractive index of the same magnitude (such as Plexiglass with a 
relative permittivity of +2.6 over the C band). A plane wave will experience a phase delay in the 
Plexiglass followed by a phase advance in the SC-SRR metamaterial yielding a net zero-phase shift 
across the paired structure. The SC-SRR metamaterial may therefore be regarded as the 
electromagnetic analogue of anti-matter since it annihilates phase. This property (especially if it 
can be tuned) may be of tremendous benefit to the electromagnetic community where it might find 
applications in the design of cavity resonators. The resonant frequency of such a cavity would be 
independent of the cavity size. 
 
3.8 Conclusion 
This chapter analysed a simple unit cell geometry that maximised the tunable range of the 
magnetic resonance for a given change in the lumped elements. A simple means to bias the 
proposed unit cell by utilising the existing wire elements necessary for the negative permittivity 
was demonstrated. The proposed SC-SRR metamaterial was fabricated using a lumped element 
selected from three competing varactor technologies. The final structure was experimentally 
shown to exhibit an effective refractive index that was tuned across the C microwave band. This 
corresponded to a tunable range of T = 53 %. The SC-SRR metamaterial was extended in 
simulation to give two-dimensional isotropy and shown to exhibit qualitatively similar properties. 
The concept of a zero-phase shift structure was briefly identified for further research. 
 
Metamaterials offer many unique properties that promise to revolutionise the way we manipulate 
the electromagnetic spectrum. However, they also present several key limitations that have 
hindered the development of a killer application to date. Although bandwidth issues can be 
somewhat overcome as illustrated in this chapter, the added complexity required for tunability 
may ultimately impede the practical application of metamaterials. Similarly loss in the 
metamaterial volume remains a key challenge that may be tackled by incorporating active 
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elements (op-amps, gain media etc.) into the unit cell. However, there is one unique property to 
emerge from this work that has not yet realised its potential. 
 
The ability of metamaterials to condense electromagnetic energy into small volumes (as evident in 
the electric field plots of Figure 3.23 (b) and Figure 3.44 (b)) and the associated large currents 
induced in the unit cell may be manipulated to enhance the performance of traditional antennas. 
Although not a metamaterial per se, a single sub-wavelength element such as a split-ring resonator 
or a chopped-wire may be all that is required to realise this enhancement. One such application 
where a single split-ring may be of great benefit is the Slotted Waveguide Antenna Stiffened 
Structure (SWASS). This will be the focus of Chapter 4. 
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4 The Slotted Waveguide Antenna Stiffened Structure 
 
4.1 Introduction 
Slotted waveguide antennas (SWA) date back to the 1940s [74] and are still in popular use today. 
Their mechanical robustness and simple construction favour a variety of applications across the 
maritime and aerospace industries. Although aluminium and brass are perhaps the most common 
media for SWA, such materials are unsuited to large-scale arrays where thermal expansion and 
mechanical rigidity may necessitate the use of significant structural reinforcing. Alternatively, 
metallized carbon fibre reinforced polymer (CFRP) has been used for the fabrication of space-
based SWA to achieve a significant weight saving with the required dimensional stability [75]–[77]. 
However, the increasing use of CFRP in modern aircraft has recently inspired the Slotted 
Waveguide Antenna Stiffened Structure (SWASS) concept illustrated in Figure 4.1.  
 
 
Figure 4.1: The SWASS concept.  
 
The SWASS concept is a Conformal Load Bearing Antenna Structure (CLAS) devised by a joint 
Defence Science and Technology Organisation (DSTO) and Air Force Research Laboratory (AFRL) 
team [78], [79]. In a SWASS the top-hat cross-section stiffeners that are commonly used to reinforce 
thin aircraft skins (or blade stiffeners in sandwich panels) double as microwave waveguides. Slots 
machined through the outer skin of the stiffened panel and into these waveguides may operate as 
SWA arrays. The slots may then be filled with a microwave transparent cover to maintain an 
aerodynamic surface and prevent environmental ingress. Hence the SWASS concept may be 
integrated into the airframe with very little weight and drag penalty compared to conventional 
aircraft antennas.  
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The electromagnetic properties of unlined CFRP waveguides and the fabrication of the SWASS has 
been previously published by the author in [80]–[85]. However, the structural impact of the slot 
remains a significant concern for the practical implementation of the SWASS. For example, the 
compressive strength of slotted WR-90 waveguides manufactured from CFRP has been assessed in 
[86]. 
 
  
(a) (b) 
Figure 4.2: Individual five-slot arrays manufactured from CFRP in compressive loading showing (a) wall 
buckling prior to failure and (b) ultimate failure of the waveguide (reproduced from [86]). 
 
The CFRP waveguides exhibited the characteristic wall buckling prior to failure as illustrated in 
Figure 4.2. A typical degradation in compressive strength on the order of 10 % to 15 % was 
attributed to the slots machined in the waveguide broad wall [86]. Increasing the thickness of the 
waveguide wall may recover some of the compressive strength but will add to the total weight of 
the SWASS. Alternatively, since the spacing of the slots is fixed at half a guided wavelength, a 
reduction in the slot length may recover compressive strength with a minimum weight increase. 
 
Reducing the characteristic slot dimension minimises the mechanical stress concentration between 
adjacent slots. In [87] it was shown that this mechanical slot-to-slot interaction ceases when the slot 
spacing exceeds four times the characteristic slot dimension. The failure load of the component is 
then equivalent to that of the slots in isolation. The isolated slots are then easily accommodated in 
the mechanical design of the component. For the SWA array to support a structural load, as 
suggested by the SWASS concept, it is therefore desirable to approach or exceed this ratio between 
slot length and spacing. For example, at 6.5 GHz this equates to a target slot length of 0.17 λ0 
(where λ0 is the free space wavelength) when the slot spacing is measured parallel to the axis of 
compression. 
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The SWASS fabricated to date are essentially one dimensional resonant cavities [81]. The radiating 
slots were machined in the broad wall at half a guided wavelength spacing to coincide with the 
standing wave antinodes. To minimize the impact of the slot array on the mechanical properties of 
the SWASS, it is therefore desirable to reduce the slot length. This chapter presents a simple 
method, employing a single split-ring resonator (SRR), to couple energy through the slot in a SWA. 
This technique allows for a significant reduction in slot length, thereby alleviating the adverse 
structural impact of the slot size on the compressive strength of the SWASS without severely 
compromising the electromagnetic performance of the antenna array.  
 
4.2 Review of SWA Design 
The theory and design of a SWA is well documented in the literature [74], [88], [89]. Unfortunately 
the established design procedure utilises experimentally derived tables that relate resonant slot 
length and admittance to slot offset (from the waveguide broad wall centre line) for a given 
waveguide wall thickness and operating frequency. However, with the advent of high 
performance computing, this step in the design procedure may be expedited in CST. Consider the 
SWA design cell in Figure 4.3. 
 
 
Figure 4.3: Parameterised SWA design cell for numerical simulation in CST. Waveguide ports were located 
at either end of the design cell. 
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For the fundamental mode in a rectangular waveguide, a longitudinal slot in the broad wall is 
approximated by a shunt admittance (Y) given by the equation; 
 
 
 = −2_1 + _ (4.1) 
 
where Y0 is the admittance of the empty waveguide. The resonant slot length for a given 
frequency, wall thickness, and offset from the waveguide centreline is determined when this 
admittance is a pure conductance. For this investigation, the WR-137 waveguide is modelled as a 
perfect electrical conductor (PEC) with 1.0 mm wall thickness. To simplify the subsequent 
manufacture of the SWA, the slot ends were rounded and the slot width fixed at 2.6 mm. The 
simulation results at 6.5 GHz are summarised in Figure 4.4. 
 
  
(a) (b) 
Figure 4.4: Simulated (a) slot length versus slot offset and (b) normalised slot admittance versus slot offset at 
6.5 GHz for WR-137 waveguide with 1.0 mm wall thickness and 2.6 mm wide rounded slot. 
 
The desired slot length and offset combination can be read from Figure 4.4 (a). To construct a SWA 
array with uniform amplitude tapering, identical slots are spaced half a guided wavelength (λg) 
apart on alternate sides of the waveguide broad wall. To construct a SWA array with a specific 
amplitude taper, each slot offset (and length) must be adjusted to achieve the desired power 
distribution. For a one Watt input, the radiated power from a conventional resonant slot at each 
offset position was determined in CST.  
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Figure 4.5: Simulated radiated power from a conventional (resonant) slot for a one Watt input. 
 
The equivalent circuit for the SWA array is given in Figure 4.6. 
 
 
Figure 4.6: Equivalent circuit of a SWA. 
 
where Yn is the specific admittance for the nth slot. The total input admittance is then given by the 
sum; 
 
 
M = M

M
 (4.2) 
 
when there are N slots in the array and the slot admittance is read from Figure 4.4 (b). Ideally this 
sum will be unity for good matching with the waveguide feed. An example of a 30 dB Dolph-
Chebyshev SWASS array designed and manufactured in CFRP is illustrated in Figure 4.1. 
However, for this investigation, a single slot with 8.70 mm (or 25 % of waveguide broad wall) 
offset and 22.85 mm (or 0.495 λ0) length is sufficient for comparison with the metamaterial 
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enhanced slot design at 6.5 GHz. Furthermore, a simple 1 x 4 slot array with 30.76 mm (or 0.5 λg) 
slot spacing will be considered in Section 4.5.2 for comparison with the metamaterial enhanced slot 
design.  
 
4.3 Enhanced Transmission Through Sub-Wavelength Slots 
The poor transmission of electromagnetic energy through a sub-wavelength aperture in an infinite 
metallic sheet is a classical problem that was first addressed by Bethe [90]. Bethe theorised that for 
an aperture with radius r << λ0, the transmitted radiation scales with (r / λ0)4. This limit remained a 
technical challenge until Ebbesen’s group experimentally demonstrated that a single sub resonant 
aperture surrounded by a periodic corrugation may achieve significant transmission enhancement 
[91]. The theoretical analysis of Oliner and Jackson later established the role of surface plasmon 
polaritons (or leaky waves amongst the engineering community) in achieving this enhanced 
transmission [92], [93]. 
 
  
(a) (b) 
Figure 4.7: Enhanced transmission through a single sub-wavelength aperture surrounded by corrugations. 
(a) SEM image of structure with 300 nm aperture diameter and (b) measured transmission (reproduced from 
[94]). 
 
The recent development of metamaterials has since inspired an alternative theoretical solution to 
this problem [95]–[97]. Consider a lossless metamaterial layer with real permittivity very close to 
zero (typically referred to as a Epsilon-Near-Zero or ENZ metamaterials in the literature) covering 
the exit face of a PEC screen with sub-wavelength aperture. Snell’s law suggests that the 
transmitted ray is highly directional as illustrated in Figure 4.8. 
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(a) (b) 
Figure 4.8: Heuristic ray-theory explanation for enhanced transmission when the slab covering the exit face 
is (a) conventional dielectric and (b) ENZ metamaterial (reproduced from [97]). 
 
Reciprocity then suggests that a screen with identical ENZ metamaterial covers on both the 
entrance and exit faces will yield significant enhancement of the transmitted power. However, the 
practical issues regarding the fabrication of a suitable metamaterial with sufficient transverse 
dimensions were discussed in [98] together with an alternative resonant approach to the 
transmission enhancement problem.  
 
This resonant approach to enhance the transmission employed a metamaterial layer constructed 
from an array of SRRs. In [98], it was demonstrated how such a metamaterial layer, fabricated with 
transverse dimensions similar to the aperture size, may significantly enhance the transmitted 
power. Furthermore, enhanced transmission was observed for the single SRR case as illustrated in 
Figure 4.9.  
 
 
Figure 4.9: Measured transmission for two different orientations of a single SRR beneath the aperture 
(reproduced from [98]).  
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Further theoretical and experimental work on this mechanism for enhanced transmission through 
a sub resonant aperture in an infinite metallic screen has since been reported in [99] and [100], with 
the possibility to tune the enhancement frequency reported in [101]. However, this method of 
achieving enhanced transmission from a sub resonant aperture using a single SRR may be applied 
to the SWASS concept.  
 
4.4 SRR Loaded Slot 
In the previous work [98]–[101], the SRR loaded aperture was excited by a plane wave. However, 
for this approach to benefit the SWASS concept, it is necessary to adapt the geometry for 
waveguide excitation of the SRR. The SWASS concept may therefore be realized with reduced slot 
dimensions without compromising the antenna performance.  
 
The proposed geometry for the SWA unit cell with SRR loaded slot is presented in Figure 4.10. 
According to Figure 4.9, the orientation of the SRR (with gaps located orthogonal to the slot axis) 
was chosen to maximise the possible transmission enhancement. 
 
  
(a) (b) 
Figure 4.10: Proposed SWA design cell with SRR loaded slot (a) profile and (b) cross section for numerical 
simulation in CST. Waveguide ports were located at either end of the design cell. 
 
The SRR captures a portion of the magnetic flux circulating in the waveguide. The strong localized 
electric and magnetic fields induced in the SRR couple to the slot to achieve a significant 
improvement in radiated power compared with the unloaded sub resonant length slot. To 
illustrate this concept, consider a rectangular SRR with two splits (0.1 mm wide) positioned in a 
WR-137 waveguide. The SRR has a mean dimension of 3.0 mm along the y axis, 12.0 mm along the 
x axis and a ring width of 0.8 mm. The SRR is printed on 0.508 mm thick Rogers RT/duroid© 5880 
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substrate with the outer edge of the ring located 0.5 mm beneath the waveguide broad wall. If a 
slot with length 16.15 mm (0.35 λ0) and offset 8.7 mm (25 %) is machined in the broad wall, two 
distinct resonances occur as illustrated in Figure 4.11. 
 
 
(a) 
 
  
 
 (b) (c)  
Figure 4.11: Simulated (a) S-parameters for the SRR loaded slot with instantaneous current on the SRR at 
(b) 5.8 GHz and (c) 7.1 GHz.  
 
The first resonance (at 5.8 GHz) exhibits the characteristic behaviour of a magnetic dipole formed 
by current circulating between the upper SRR half and the waveguide broad wall. However, the 
return current flowing on the waveguide broad wall is intercepted by the slot conductance and is 
therefore radiated in a similar manner to the conventional SWA reviewed in Section 4.2. Hence, the 
energy captured by the SRR amplifies the electric field across the slot. 
 
The second resonance (at 7.1 GHz) exhibits the characteristic behaviour of a magnetic dipole 
formed by current circulating about the SRR. Although the localized fields near the slot were 
amplified, the excited leaky waves decay rapidly away from the slot (as discussed in [98]) yielding 
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a low radiated power. Hence, the energy captured by the SRR remains tightly coupled to the 
structure. 
 
Either of these resonance may be tuned to 6.5 GHz by varying the SRR x dimension. This 
optimisation was performed in CST with initial SRR x dimensions determined using the theory 
from Chapter 3 Section 3.2. The simulation results are presented in Figure 4.12 for slot lengths less 
than 0.45 λ0. For slots larger than 0.45 λ0, the required SRR x dimension (for resonance at 6.5 GHz) 
is not practical given the ring width. 
 
 
Figure 4.12: Simulated SRR x dimension dependence on slot length to achieve either the first (denoted SRR-
WG to highlight the strong coupling between SRR and waveguide broad wall) or second (denoted SRR) 
resonance at 6.5 GHz. 
 
As evident in Figure 4.12, varying the slot length has a strong effect on the first resonance (denoted 
‘SRR-WG’). This is expected because the resonant circuit formed by the upper SRR half and 
waveguide broad wall includes the slot conductance (which is dependent on slot length). 
However, varying the slot length has little effect on the second resonance (denoted ‘SRR’) because 
it is only weakly coupled to the slot admittance. For each resonance type, the simulated total 
efficiency (computed as the ratio between radiated power and source power) and radiation 
efficiency (computed as the ratio between radiated power and accepted power) of the design cell is 
plotted in Figure 4.13. 
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(a) (b) 
Figure 4.13: Simulated (a) total efficiency and (b) radiation efficiency for the conventional slot and SRR 
loaded slot (with x dimension optimised for either the SRR-WG or SRR resonance) at 6.5 GHz. 
 
The total efficiency highlights the increase in radiated power at 6.5 GHz when the slot is loaded 
with a single SRR. When optimised for the SRR-WG resonance, more than 30 % of the input power 
is radiated for slots as small as 0.35 λ0. This radiated power is comparable to a conventional (0.495 
λ0) slot. For extremely small slot lengths (less than 0.2 λ0), the SRR loaded slot (with x dimension 
optimized for the SRR resonance) was simulated to be the more efficient radiator. The radiation 
efficiency indicates that the SRR-WG resonance case may achieve qualitatively similar gain (albeit 
with slightly increased Ohmic and dielectric loss) as the conventional (0.495 λ0) slot. 
 
The simulated realised gain in the peak radiation direction for both resonance conditions is 
presented in Figure 4.14. It is necessary to compare realised gain (computed relative to the source 
power) instead of IEEE gain (computed relative to the accepted power) to highlight the improved 
performance of the SRR loaded SWA.  
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Figure 4.14: Simulated realised gain for the conventional slot and SRR loaded slot (with x dimension 
optimised for either the SRR-WG or SRR resonance). 
 
The simulated realised gain clearly highlights the advantage of SRR loading for both resonance 
conditions. For example, the SRR-WG resonance case achieves qualitatively similar gain to the 
conventional (0.495 λ0) slot for lengths as short at 0.35 λ0. However, the reduced slot length 
provides greater mechanical performance of the SRR loaded SWA design cell compared to the 
conventional SWA.  
 
The SRR-WG resonance yielded the greatest gain improvement without compromising efficiency 
as illustrated in Figure 4.13 and Figure 4.14. However, the strong resonance necessitates that the 
SRR loaded SWA will achieve enhanced gain over an extremely narrow frequency band. Although 
this is not a concern for the SWASS concept where the SWA in question are typically resonant by 
nature, the SRR loading may prove a challenge to manufacture. Any small error in fabrication may 
shift the SRR-WG resonance out of band therefore destroying any potential advantage offered by 
the SRR.  
 
The fabrication of the SRR element using conventional photolithography or mechanical milling is 
well established with typical tolerances less than 1.0 µm. For example, the manufactured SRR 
element assessed in Section 4.5 were fabricated using the LPKF ProtoMat S103 with a stated 
tolerance of 0.5 µm. Unfortunately the accurate positioning of this element within the waveguide is 
a far greater challenge. To investigate this issue, the longitudinal position of the SRR along the z 
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axis (relative to the centre of the slot) was adjusted. The simulated sensitivity is presented in Figure 
4.15 for a 0.35 λ0 slot. 
 
 
Figure 4.15: Simulated realised gain sensitivity to the z position of the SRR beneath a 0.35 λ0 slot when 
optimised for the SRR-WG resonance. 
 
As evident in Figure 4.15, the drop in realised gain is negligible for a significant misplacement of 
the SRR along the z axis. For example, a position offset of 0.5 mm accounts for less than 0.1 dB 
error in realised gain. Such offset errors may be easily detected from visible inspection. However, a 
similar analysis of the SRR vertical position along the y axis (relative to the waveguide broad wall) 
and horizontal position along the x axis (relative to the slot centre) stipulated much finer 
tolerances. The simulated sensitivities are presented in Figure 4.16. 
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(a) (b) 
Figure 4.16: Simulated realised gain sensitivity to the (a) y position and (b) x position of the SRR beneath a 
0.35 λ0 slot when optimised for the SRR-WG resonance. 
 
Figure 4.16 (a) suggests greater car must be taken to position the SRR the desired distance from the 
waveguide broad wall along the y axis. This distance determines the capacitance responsible for 
the SRR-WG resonance. For example, a displacement of 0.1 mm along the y axis equates to a drop 
in peak realised gain of almost 3.0 dB. Similarly, Figure 4.16 (b) indicates a moderate dependence 
on the horizontal position of the SRR. The asymmetry in the Figure 4.16 (b) is attributed to 
capacitive coupling with the waveguide short wall. To minimise these errors, it desirable to 
machine the substrate outline to be a tight fit with within the waveguide. This is easily achievable 
with the LPKF ProtoMat S103. 
 
4.5 Experimental Demonstration of the SRR Loaded Slot 
Section 4.4 detailed the SRR geometry necessary to achieve acceptable gain from a SWA with 
significantly reduced slot dimensions. To experimentally validate this concept, it was necessary to 
design a test fixture that enabled access to the inside of a WR-137 waveguide without 
compromising the electromagnetic performance of the waveguide. The final test fixture is 
illustrated in Figure 4.17 with dimensions included in Appendix C. 
 
0 0.05 0.1 0.15 0.2-6
-5
-4
-3
-2
-1
0
∆
 y (mm)
∆  
R
ea
lis
e
d 
G
a
in
 
(dB
)
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2-6
-5
-4
-3
-2
-1
0
∆
 x (mm)
∆  
R
ea
lis
e
d 
G
a
in
 
(dB
)
  
83 
 
  
(a) (b) 
Figure 4.17: WR-137 test fixture with (a) cover plate removed and (b) cover plate installed with compliant 
copper tape at either end of the waveguide. 
 
The cover plates were machined from 1.0 mm thick aluminium. To ensure a tight fit against the 
compliant copper tape at either end of the fixture, each cover plate was machined slightly 
oversized. For example, with no retaining screws, the cover plate sits proud of the waveguide wall 
as illustrated in Figure 4.18.  
 
 
Figure 4.18: WR-137 test fixture with retaining screws removed.  
 
The cover plate forms a near perfect electrical connection with the aluminium waveguide fixture 
once all retaining screws are installed. This tight fit between waveguide and cover plate proved 
vital to ensuring repeatable S-parameter and antenna pattern measurements. 
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4.5.1 Single Slot 
To validate the numerical simulations of the SRR loaded SWA design cell in Section 4.4, a single 
SRR (optimised for the SRR-WG resonance at 6.5 GHz when positioned 0.5 mm beneath a 0.35 λ0 
slot in the waveguide broad wall) was fabricated with the dimensions summarised in Table 4.1. 
 
Ring width  0.80 mm 
Ring x dimension 9.44 mm 
Ring y dimension 3.00 mm 
Ring split dimension 0.10 mm 
Table 4.1: SRR dimensions for fabrication on Rogers RT/duroid© 5880 (0.508 mm thick) substrate with 0.5 
oz. copper metallisation.  
 
The SRR sample was adhered to a small piece of Rohacell HF foam using commercial 
cyanoacrylate  and positioned in the WR-137 waveguide test fixture as illustrated in Figure 4.21. To 
ensure the outer edge of the SRR was located 0.5 mm beneath the waveguide broad wall, the 
substrate was mounted slightly proud of the waveguide test fixture. When the cover plate (with 
0.35 λ0 slot) was installed, the SRR sample was pressed into the correct position.  
 
 
Figure 4.19: WR-137 test fixture (cover plate removed) with SRR element. 
 
The Agilent N5245A PNA-X series vector network analyser was first calibrated according to the 
Thru-Reflect-Line procedure using WR-137 waveguide standards. The S-parameters of the SRR 
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loaded 0.35 λ0 slot were then measured. The simulated and measured S-parameter results are 
compared in Figure 4.20. 
 
  
(a) (b) 
Figure 4.20: (a) Simulated and (b) measured S-parameters for the SRR (optimised for the SRR-WG 
resonance) loaded 0.35 λ0 slot in a WR-137 waveguide. 
 
Excellent agreement was obtained between the measured and simulated S-parameters. However, 
since the peak radiation direction is not at broad side (because of the offset position of the slot), it 
was necessary to measure the realised gain versus azimuth (in the y-x plane). The direction of peak 
radiation was then determined. This measurement was performed with a Waveline Inc. absorbing 
termination at Port 2 and may therefore be regarded as the unit cell case with traveling wave 
excitation. The measured realised gain in the peak radiation direction for the SRR loaded 0.35 λ0 
slot are compared with the unloaded 0.35 λ0 slot and conventional (0.495 λ0) slot in Figure 4.21.  
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Figure 4.21: Measured peak realised gain for a single 0.35 λ0 slot in a WR-137 waveguide with and without 
SRR loading compared to a conventional 0.495 λ0 slot. 
 
The SRR loaded 0.35 λ0 slot achieved more than 15.0 dB enhancement over the unloaded 0.35 λ0 
slot at the design frequency of 6.5 GHz. Furthermore, the SRR loaded slot almost recovered the 
gain of the conventional (0.495 λ0) slot at 6.5 GHz as expected from Figure 4.14. The small 
discrepancy between the two cases is most likely attributed to the Ohmic and dielectric loss 
inherent to the SRR element. This is evident in the difference between the SRR-WG and 
conventional slot efficiencies in Figure 4.13. However, although great care was taken to ensure the 
correct position of the SRR element along the x and y axis, there may be some inherent error 
attributed to the misplacement of the element as illustrated in Figure 4.15 and Figure 4.16. 
 
The conventional slot in Figure 4.21 exhibited a -3.0 dB bandwidth of approximately 12.0 % 
whereas the SRR loaded 0.35 λ0 slot exhibited a bandwidth of approximately 5.0 %. This reduction 
in bandwidth is inconsequential for the SWASS concept since a conventional SWA array is 
analogous to a one-dimensional high-Q resonant structure. However, for the SWASS concept, this 
reduction in slot length ensures greater separation between successive slot ends in the array and 
therefore represents a clear structural benefit over the conventional resonant slot design. 
 
4.5.2 SWA Array 
The SRR loaded slot was demonstrated in Section 4.5.1 for the unit cell case with traveling wave 
excitation. However, conventional SWA operate with standing wave excitation of each slot. This is 
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achieved by replacing the absorbing load at Port 2 with a sliding short tuned to ensure the 
standing wave nodes coincide with the slot centres.  
 
For completeness, a simple four slot array (with 0.35 λ0 length slots) was measured with and 
without the SRR elements and compared with the conventional (with 0.495 λ0 length slots) SWA. 
The SRR dimensions are summarised in Table 4.1. The WR-137 test fixture with SRR elements 
installed is illustrated in Figure 4.22. 
 
 
Figure 4.22: WR-137 test fixture (cover plate removed) with SRR elements arranged for the SWA array.  
 
The Agilent N5245A PNA-X series vector network analyser was first calibrated against a A.R.A 
DRG-118/A horn antenna with known radiation performance. The SWA array was then installed 
in the range with a Waveline Inc. sliding short tuned to ensure the standing wave nodes coincide 
with the slot centres. The calibration and measurement geometry is illustrated in Figure 4.23.  
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(a) (b) 
Figure 4.23: Measurement geometry for (a) calibration and (b) SWA array with sliding short at Port 2.  
 
A modified Meade LX200 telescope mount was used to rotate the SWA array in the y-x plane. The 
simulated and measured realised gain at 6.5 GHz is illustrated in Figure 4.24. 
 
  
(a) (b) 
Figure 4.24: (a) Simulated and (b) measured realised gain in the y-x plane for the four slot SWA at 6.5 GHz. 
The 0.35 λ0 slot in a WR-137 waveguide with and without SRR loading are compared to the conventional 
(0.495 λ0) slot. 
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As expected, the SRR loaded slots almost recovered the realised gain and pattern of the 
conventional resonant slot array. Reasonable agreement between the measured and simulated 
radiation patterns was achieved. Note that the main lobe is symmetric in the y-x plane suggesting 
that equal power is radiated from each slot. This was also confirmed for the y-z plane in CST as 
illustrated in Figure 4.28. 
 
Figure 4.25: Simulated realised gain in the y-z plane for the four slot SWA with SRR loading at 6.5 GHz.  
 
The simulated antenna pattern is symmetric in the y-z plane confirming that the SRR loaded SWA 
exhibits qualitatively similar radiation performance as the conventional SWA albeit with 
significantly reduced slot dimensions. Furthermore, the simulated peak realised gain compares 
favourably with the measured peak gain in Figure 4.24(b).  
 
4.6 Wire Element Loaded Slot 
In Section 4.4 a single SRR was used to enhance the gain from a 0.35 λ0 length slot. Section 4.5 
concluded with the experimental demonstration of a four slot array with SRR loading. However, 
both antennas exhibited sub-optimal performance attributed to the large cross-section of the SRR 
element in the y-x plane. For example, consider the simplified equivalent circuit of the SRR loaded 
SWA unit cell illustrated in Figure 4.26. 
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Figure 4.26: Simplified equivalent circuit of the SRR (optimised for the SRR-WG resonance) loaded slot 
considered in Section 4.4. 
 
The SRR resonances is associated with the net inductance (L1) and capacitance (C1) with coupling 
coefficient (N) approximated by the ratio of waveguide cross-section to SRR cross-section. 
Similarly, the SRR-WG resonance is associated with the net inductance (L2) and capacitance (C2). 
However, when the SRR x dimension is optimised for the SRR-WG resonance at the design 
frequency, the slot conductance (G) appears as a resistive element in the latter portion of the 
equivalent circuit. This resistance accounts for the power radiated from the sub-resonant length 
slot. The first portion of the equivalent circuit (responsible for the SRR resonance) does not contain 
the slot conductance (G) since the induced currents remain tightly coupled to the SRR structure. 
Hence, only the latter portion of the equivalent circuit is required to achieve the enhanced gain as 
illustrated in Figure 4.27. 
 
 
Figure 4.27: Simplified equivalent circuit of the wire element loaded slot. 
 
This new approach minimises the dimensions of the SRR element within the waveguide. In 
addition, the reduced element dimensions require less substrate and therefore dielectric losses are 
also minimised. Hence it may be possible to achieve qualitatively similar return loss and gain as 
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the conventional (0.495 λ0) slot for even smaller slot dimensions. The proposed wire element 
loading is illustrated in Figure 4.28. 
 
  
(a) (b) 
Figure 4.28: Simplified SWA design cell with wire element loaded slot (a) profile and (b) cross section for 
numerical simulation in CST. Waveguide ports were located at either end of the design cell. 
 
The wire element loaded slot was simulated in CST with the slot width (along the x axis) fixed at 
2.6 mm and offset 8.70 mm (25 %) from the waveguide broad wall centre line for consistency with 
Section 4.4. Similarly the waveguide thickness was fixed at 1.0 mm and the width of the wire 
element (along the y axis) was fixed at 0.8 mm. The length of the wire element (along the x axis) 
was optimised for resonance at 6.5 GHz with the results presented in Figure 4.29. The clearance 
(along the y axis) between the wire element and the waveguide broad wall was varied to illustrate 
the strong dependence on the net capacitance (C2). 
 
 
Figure 4.29: Resonant wire length at 6.5 GHz versus slot length for three different positions of the wire 
element. 
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The peak realised gain for the wire element loaded slot was also determined for each case and is 
illustrated in Figure 4.30. The peak realised gain for a single convention slot (measuring 0.495 λ0 in 
length) with no wire loading is indicated by the dashed horizontal line at 2.1 dB. 
 
 
Figure 4.30: Peak realised gain at 6.5 GHz for a single slot with optimised wire element loading. The dashed 
horizontal line at 2.1 dB is the peak realised gain for a conventional (0.495 λ0) slot. 
 
The fundamental propagating mode in the waveguide induces a current in the wire element. This 
current is capacitively coupled to the waveguide broad wall (through C2) to form an equivalent 
SRR. However, the return current in the waveguide broad wall is interrupted by the slot 
conductance (G) and re-radiated into free space analogous to a conventional resonant slot. As 
illustrated in Figure 4.30, this permitted a sub-resonant length slot (measuring just 0.25 λ0 in 
length) with wire element loading to achieve almost the same realised gain as the equivalent 
resonant length slot (measuring 0.495 λ0 in length). A clearance of 0.5 mm between the wire 
element and waveguide broad wall achieved the greatest realised gain with the minimum wire 
length and dielectric substrate. 
 
To validate this simplified approach, a single wire element was machined on a small piece of 
RT/duroid© 5880 substrate (0.508 mm thick) for installation beneath a 0.25 λ0 slot. The final 
dimensions of the wire element are summarised in Table 4.2.   
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Wire width  0.80 mm 
Wire length 14.40 mm 
Wire clearance  0.50 mm 
Table 4.2: Wire element dimensions for fabrication on Rogers RT/duroid© 5880 (0.508 mm thick) substrate 
with 0.5 oz. copper metallisation.  
 
The wire element was adhered to a small piece of Rohacell HF foam using commercial 
cyanoacrylate  and positioned in the WR-137 waveguide test fixture as illustrated in Figure 4.31. 
 
 
Figure 4.31: WR-137 test fixture (cover plate removed) with wire element. 
 
As in Section 4.5.1, the Agilent N5245A PNA-X series vector network analyser was first calibrated 
according to the Thru-Reflect-Line procedure using WR-137 waveguide standards. The S-
parameters of the wire element loaded 0.25 λ0 slot and conventional 0.495 λ0 slot are compared in 
Figure 4.32. 
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(a) (b) 
Figure 4.32: Measured S-parameters for the (a) wire element loaded 0.25 λ0 slot and (b) conventional 0.495 
λ0 slot in a WR-137 waveguide. 
 
The peak realised gain was measured with a Waveline Inc. absorbing termination at Port 2 using 
the same procedure outlined in Section 4.5.1. The measured realised gains in the peak radiation 
direction are compared in Figure 4.33. 
 
  
Figure 4.33: Measured peak realised gain for a single 0.25 λ0 slot in a WR-137 waveguide with and without 
the wire element loading compared to a conventional 0.495 λ0 slot. 
 
As evident in Figure 4.33, the 0.25 λ0 slot with wire element loading almost recovered the gain of 
the conventional 0.495 λ0 slot despite a significantly reduced -3.0 dB bandwidth of only 1.5 %. This 
equated to more than 25.0 dB increase in radiated power over the unloaded 0.25 λ0 slot at 6.5 GHz. 
Furthermore, Figure 4.32 suggest that the unit cell S-parameters at 6.5 GHz are qualitatively 
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similar for the conventional slot and wire element loaded slot. The loss (calculated as 1 − |_| −|_ |  ) provides an indication of the radiated power. Hence it is anticipated that an array of wire 
element loaded 0.25 λ0 slots will exhibit similar gain and insertion loss to a conventional SWA 
array albeit with reduced bandwidth. Regardless, the significantly reduced slot length ensures a 
clear structural benefit over the conventional resonant slot design. 
 
The wire element loaded slot may be further enhanced by better utilising the RT/duroid© 5880 
substrate. For example, consider the alternative wire element loaded slot geometry illustrated in 
Figure 4.34. 
 
  
(a) (b) 
Figure 4.34: Alternative SWA design cell with wire element loaded slot (a) profile and (b) cross section for 
numerical simulation in CST. Waveguide ports were located at either end of the design cell. 
 
The equivalent SRR formed by the wire element and waveguide broad wall operate analogous to 
the geometry considered in Figure 4.28. However, the effective electrical size of the slot and the 
capacitance (C2) are governed by the permittivity of the RT/duroid© 5880 substrate.  
 
For comparison with the geometry considered in Figure 4.28, the physical dimensions of the 
waveguide and slot were unchanged with the substrate thickness fixed at 0.508 mm and wire 
width (along the z axis) fixed at 0.8 mm. The length of the wire element (along the x axis) was then 
optimised for resonance at 6.5 GHz with the simulation results presented in Figure 4.35. 
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(a) (b) 
Figure 4.35: (a) Resonant wire length versus slot length and (b) peak realised gain at 6.5 GHz for a single 
slot with optimised wire element loading. The dashed horizontal line at 2.1 dB is the peak realised gain for a 
conventional (0.495 λ0) slot. 
 
Comparison of Figure 4.35 (b) with Figure 4.30 highlights the advantage of this alternative wire 
element loaded slot. For example, similar gain may be achieved with a slot length of only 0.2 λ0 
compared with the 0.25 λ0 slot demonstrated previously. To illustrate the operation of this 
alternative approach, the induced surface currents on the wire element and interior wall of the 
waveguide are compared in Figure 4.36. 
 
  
   
 
 (a) (b) (c)  
Figure 4.36: Simulated instantaneous currents at 6.5 GHz beneath the (a) 0.2 λ0 slot, (b) alternative wire 
element loaded 0.2 λ0 slot and (b) conventional (0.495 λ0) slot. 
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For the unloaded 0.2 λ0 slot in Figure 4.36 (a), the propagating mode in the waveguide is almost 
unaltered. For the conventional (0.495 λ0) slot in Figure 4.36 (c), the concentration of surface current 
about the slot is clearly evident. However, for the wire element loaded slot in Figure 4.36 (b), there 
is a significant concentration of surface current flowing between the slot and wire element. This 
increases the electric field across the slot and therefore ensures significant enhancement of the 
radiated power over the unloaded 0.2 λ0 slot.  
 
4.7 Conclusion 
This chapter has presented a simple method to achieve acceptable gain from a miniaturized slot by 
utilizing the strong fields induced in a SRR. For example, a 0.35 λ0 slot with SRR loading was 
shown to recover approximately the same gain (albeit with reduced bandwidth) and radiation 
pattern as the conventional (0.495 λ0) slot. A simple four slot array with SRR loading demonstrated 
the application of this method to the SWASS concept. However, the large cross-section of the SRR 
element in the waveguide ultimately limited the antenna performance. Hence, a simplified wire 
element loading was developed and shown to exhibit qualitatively similar gain and S-parameters 
for slots as small as a 0.25 λ0.  
 
Although the final slot dimensions did not achieve the 1:4 ratio stipulated in [87], the wire element 
loaded 0.25 λ0 slot ensures a significant restoration of the compressive strength of the SWASS 
without compromising the antenna performance. Further refinement of the wire element loaded 
slot geometry may be possible with better utilisation of the substrate permittivity. This alternative 
approach was shown in simulation to yield acceptable gain from a 0.2 λ0 slot.  
 
In structure critical implementations of the SWASS concept, it may be advantageous to sacrifice 
antenna gain for compressive strength. If the added complexity of the wire element and a small 
reduction in the peak gain can be tolerated, then further reduction of the slot length may also be 
possible as suggested in Figure 4.35. The presented method has therefore opened a new design 
space where the structural performance of the SWA is traded against the realized gain of the slot to 
achieve a truly multifunctional aircraft structure. 
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5 Tunable Metamaterials for the SWASS 
 
5.1 Introduction 
The previous chapter addressed methods to restore the compressive strength of the SWASS (i.e. by 
minimizing the dimensions of the radiating slots) with negligible impact on the antenna 
performance. However, the orientation of the waveguides in a SWASS is typically governed by the 
primary mechanical load applied to the structure. For example, the Boeing 787 Dreamliner utilises 
a top-hat cross-section stiffener the runs the length of the fuselage as illustrated in Figure 5.1.  
 
  
(a) (b) 
Figure 5.1: (a) Boeing 787 composite fuselage and (b) close-up of the top-hat stiffened geometry (reproduced 
from [102]) 
 
When multiple slotted waveguides are aligned as in Figure 5.2, the resultant antenna pattern is 
easily steered in the plane transverse to the waveguide axis. This is achieved by varying the phase 
between adjacent waveguide feeds with commercial off-the-shelf phase shifters.  
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Figure 5.2: Uniform amplitude SWASS with SMA feeds manufactured by the author. 
 
For SWASS to provide a viable alternative to conventional antenna types, it is also necessary to 
demonstrate a method to steer the radiating beam in the plane parallel to the waveguide axis. 
Traditionally this has been achieved using in-line ferrite phase shifters but their physical mass and 
size are undesirable for the SWASS concept. Hence, a new method to achieve the required phase 
shift between consecutive radiating slots along a single waveguide is proposed. This is 
accomplished by incorporating a coaxial composite right/left-handed transmission line (CRLH-
TL) into the SWASS concept.  
 
The proposed CRLH-TL is loaded with the necessary varactor and inductor combination for 
approximate matched tuning of the dispersion diagram in response to a single DC bias. A simple 
two-slot leaky wave antenna with electronic beam steering is presented to illustrate how the 
CRLH-TL may be included in the SWASS.  
 
5.2 Review of CRLH-TL Technology 
The theory and fabrication of a CRLH-TL utilizing microstrip technology is thoroughly discussed 
in [31]. However, the CRLH-TL concept has recently been extended to coaxial [103] and 
rectangular [104] waveguides as illustrated in Figure 5.3. The CRLH-TL may therefore be regarded 
as a one dimensional metamaterial analogue to the structures considered in Chapter 2 and Chapter 
3. 
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(a) (b) 
Figure 5.3: (a) Coaxial transmission line (reproduced from [103]) and (b) rectangular transmission line 
(reproduced from [104]) that exhibit both forward and backward wave propagation. 
 
The waveguide geometries presented in Figure 5.3 exhibit a clear stop band between the left-
handed and right-handed modes with no simple means to tune the dispersion diagram once 
manufactured. However, a variety of methods to tune the CRLH-TL dispersion diagram have 
since been reported. For example, varactors were used in the microstrip implementation in [105] 
whereas a liquid crystal filled rectangular waveguide was used in [106].  
 
 
 
(a) (b) 
Figure 5.4: Tunable CRLH-TL utilising (a) varactors in the microstrip unit cell (reproduced from [105]) and 
(b) liquid crystal (LC) filled rectangular waveguide (reproduced from [106]). 
 
The CRLH-TL designs in Figure 5.4 are not well suited to the SWASS concept. For example, the 
microstrip approach necessitates a complex bias circuit whereas the liquid crystal approach will 
significantly add to the weight of the structure. However, in both cases the effective series and 
shunt capacitances (present in the unit cell description of the transmission line) were tuned in 
response to a DC bias or magnetic field respectively. Unfortunately the rate at which the left-
handed and right-handed modes tune differ and so a stop band ultimately developed. Regardless, 
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both methods were shown to exhibit sufficient phase advance or delay to achieve acceptable beam 
steer in a leaky wave antenna application.  
 
5.3 Tunable CRLH-TL Unit Cell 
The leaky wave antennas discussed in [105] and [106] demonstrated how the CRLH-TL concept 
may be used to achieve beam steering. However, for the CRLH-TL to benefit the SWASS concept, 
it must be adapted to fit within the confines of a rectangular waveguide geometry. Hence a coaxial 
approach (with rectangular outer conductor) to the CRLH-TL was adopted whereby a single DC 
bias is used to simultaneously tune both the left-handed and right-handed modes. Careful 
selection of the series and shunt lumped components will permit the approximate matched tuning 
of the dispersion diagram. Electronic beam steering may therefore be achieved with the SWASS 
concept regardless of the principal mechanical load orientation. 
 
The proposed coaxial CRLH-TL geometry is illustrated in Figure 5.5. A rectangular geometry was 
chosen to fit with existing SWASS panels. The centre conductor and shunt lines are machined on 
0.508 mm thick Rogers RT/duroid© 5880 substrate suspended about the mid plane of the 
rectangular outer conductor. Lumped circuit elements are used to model the varactors and 
inductors. 
 
 
Figure 5.5: The proposed unit cell of the coaxial CRLH-TL with lumped varactors (C1 and C2) and inductor 
(L1). 
 
The dispersion diagram for the proposed transmission line can be obtained by adapting the 
method described in [31] for the geometry in Figure 5.5. Note that the equations presented in [31] 
for the microstrip CRLH-TL are incorrect and so a complete derivation will be presented here for 
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clarity. The proposed CRLH-TL is first regarded as the superposition of the Π and T networks 
illustrated in Figure 5.6. 
 
  
(a) (b) 
Figure 5.6: Simulated geometries for the (a) Π and (b) T networks. 
 
The differential port approach in CST was used to numerically simulate the Π and T networks with 
their respective lumped elements. The simulated S-parameters for each network may then be used 
to derive the equivalent circuit properties illustrated in Figure 5.7. 
 
  
(a) (b) 
Figure 5.7: Equivalent circuit for the (a) Π and (b) T networks where the superscripts denote parallel or 
series elements. 
 
The circuit parameter = is the parallel combination of the lumped varactor C2 and the centre 
conductor edge capacitance. The circuit parameter <f  encompasses the parallel connection of two 
shunt lines. Each shunt line consists of the series connection of L1 and C1 such that the net result 
remains inductive over the tunable capacitance range of the varactor. Care must be taken to ensure 
the centre conductor inductance (described by <  and < ) is not over estimated by appropriately 
de-embedding the simulation ports in CST Microwave Studio. 
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To derive the circuit properties from the simulated S-parameters, first consider the Π network in 
Figure 5.7 (a) with the admittance matrix;  
 
        =  +  −− + (5.1) 
 
and the lumped admittances;  
 
  = x=f (5.2) 
  = Vx< + 1x=W

 (5.3) 
  = x=f (5.4) 
 
where the admittance parameters (Yij) are easily obtained from the simulated S-parameters 
according to the tables in [107]. Equating the matrix components immediately yields the relations: 
 
 =f = 1x * +  + (5.5) 
 
−1 = x< + 1x= (5.6) 
 
Differentiating Equation 5.6 and then multiplying both sides by ω gives: 
 
  

 P−1 R = x< − 1x= (5.7) 
 
Taking the sum and differences between Equations 5.6 and Equation 5.7 yields the relations: 
 
 < = −12x  

 P 1 R + 1  (5.8) 
 = = 2x  

 P 1 R − 1 

 (5.9) 
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Equations 5.5, 5.8 and 5.9 may then be used to derive the equivalent circuit properties for the Π 
network from the simulated S-parameters. A similar analysis for the T network yields the 
impedance matrix; 
 
 v v v  v   = v + v vv v+v (5.10) 
 
with the lumped impedances;  
 
 v = x<  (5.11) 
 v = x<  (5.12) 
 v = Vx=f + 1x<f W

 (5.13) 
 
where the impedance parameters (Zij) are easily obtained from the simulated S-parameters 
according to the tables in [107]. Equating the matrix components immediately yields the relations: 
 
 < = 1x *v − v + (5.14) 
 
1v = x=f + 1x<f  (5.15) 
 
Differentiating Equation 5.15 and then multiplying both sides by ω gives: 
 
  

 P 1v R = x=f − 1x<f  (5.16) 
 
Taking the sum and differences between Equations 5.15 and Equation 5.16 yields the relations: 
 
 =f = 12x  

 P 1v R + 1v  (5.17) 
 <f = 2x  1v − 

 P 1v R

 (5.18) 
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Equations 5.14, 5.17 and 5.18 may then be used to derive the equivalent circuit properties for the T 
network from the simulated S-parameters. The proposed unit cell in Figure 5.5 is then well 
described by the equivalent circuit in Figure 5.8; 
 
 
Figure 5.8: Equivalent circuit for the proposed CRLH-TL unit cell where the subscripts denote either a 
contribution to the left or right handed modes. 
 
where the per-unit-cell CRLH-TL parameters are given by the relations: 
 
 < = < + 2<  (5.19) 
 = = 2=f + =f (5.20) 
 < = <f  (5.21) 
 = = = (5.22) 
 
The dispersion diagram (assuming a homogenous medium approximation) for the proposed 
CRLH-TL is then given by the well-known equation [31] in the fast-wave region: 
 
 *+ = 	; <= + 1 <= − P<< + ==R (5.23) 
 
Equation 5.23 exhibits two branches that are matched (such that no stop band separates the left-
handed and right-handed modes) when the following condition is met; 
 
 ;<= 	= ;<= = v (5.24) 
 
where Z0 is the CRLH-TL impedance. The angular frequency where the two modes are matched is 
then given by the equation: 
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  = e<=<=  (5.25) 
 
To simultaneously tune both the left-handed and right-handed modes such that no stop band 
separates them, it is therefore necessary to adjust both the shunt (C1) and series (C2) capacitances in 
Figure 5.5. The relationship between these capacitances may be derived by first determining the 
ideal shunt inductance from Equation 5.24 so that; 
 
 < = v = (5.26) 
 
when the CRLH-TL impedance (Z0) and angular frequency (ω0) are fixed. Equating the unit cell 
shunt configuration in Figure 5.5 to the ideal CRLH-TL circuit in Figure 5.8 gives; 
 
 
12 Px< + 1x=R = x< (5.27) 
 
which after substituting Equation 5.26 yields the relation; 
 
 = = 1 *< − 2v =+ (5.28) 
 
where L1 is the lumped inductor and CL is the parallel combination of the lumped varactor C2 and 
the centre conductor edge capacitance. Equation 5.28 therefore relates the capacitance of the two 
varactors C1 and C2 for matched tuning of the right-handed and left-handed modes in the 
proposed CRLH-TL.  
 
To demonstrate this matched tuning, let the centre conductor width be 10.0 mm to ensure a coaxial 
waveguide impedance of Z0 = 50.0 Ω when installed in a rectangular outer conductor measuring 
22.86 mm x 10.16 mm (equivalent to the WR-90 waveguide dimensions used in existing SWASS 
panels). If the bias line width and gap dimensions are all 0.5 mm with L1 = 2.4 nH, the relationship 
between C1 and C2 for matched tuning is presented in Figure 5.9 (a).  
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(a) (b) 
Figure 5.9: (a) Varactor relationship for matched tuning. (b) Simulated dispersion diagram for the proposed 
CRLH-TL unit cell when d = 10.0 mm and C2 is tuned from 0.2 pF to 0.4 pF. 
 
The simulated dispersion for the proposed CRLH-TL can be computed from Equation 5.23 when 
the unit cell length is d = 10.0 mm. As illustrated in Figure 5.9 (b), both left-handed and right-
handed modes move together as the lumped varactors (C1 and C2) are tuned. However, this precise 
relationship between C1 and C2 is difficult to emulate with off-the-shelf varactors without resorting 
to separate bias circuits for each varactor. However, it is well approximated by the linear relation 
C1 = C2 as illustrated in Figure 5.10 (a). 
 
  
(a) (b) 
Figure 5.10: (a) Varactor relationship for matched and approximate tuning. (b) Simulated dispersion 
diagram for the proposed CRLH-TL unit cell when C1 = C2 (approximate case) is tuned from 0.2 pF to 0.4 
pF. 
 
The dispersion diagram in Figure 5.10 (b) is matched at the design frequency of 4.0 GHz when C1 = 
C2 = 0.3 pF. Unfortunately a stop band develops between the left-handed and right-handed modes 
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as the varactors are tuned. The error between the matched and approximate cases in Figure 5.10 (a) 
is responsible for this stop band. However, there is always a propagating mode present at the 
design frequency of 4.0 GHz. Hence, this mode can be used to achieve the necessary phase 
advance (left-handed) or delay (right-handed) between consecutive radiating slots for continuous 
electronic beam steering from negative angles, through broad side, to positive angles. Note that a 
different value for L1 would not have yielded the same matched condition at the design frequency 
and so would have prevented continuous beam steering. 
 
The advantage of the proposed geometry is the simplicity in which the dispersion diagram may be 
tuned in response to a single DC bias voltage. For example, split the outer conductor such that one 
shunt line connects to the DC supply (VBias) while the other shunt line connects to the bias ground 
as illustrated in Figure 5.11 (a). 
 
  
(a) (b) 
Figure 5.11: Bias geometry for the proposed CRLH-TL unit cell with (a) exaggerated split for illustration 
and (b) circuit board layout. 
 
A coaxial waveguide split in this manner will not significantly radiate provided the split 
dimension is small relative to the wavelength (a separation of 0.2 mm between VBias and ground 
was sufficient at 4.0 GHz for the experimental demonstration of the CRLH-TL in Section 5.4). 
Furthermore, it is easy to replicate this bias arrangement by metalizing the respective halves of the 
CFRP waveguides in Figure 5.2. Consequently, each lumped varactor (C1 and C2) is subjected to 
the same bias voltage (assuming identical varactor junction resistance and a sufficiently large 
leakage current) when every second unit cell is mirrored as illustrated in Figure 5.11 (b). A simple 
lumped resistor (placed in parallel with each varactor) may also be used to provide a sufficient 
leakage current to ensure identical bias voltages. 
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5.4 Experimental Demonstration of the Tunable CRLH-TL 
Section 5.3 introduced the CRLH-TL unit cell and demonstrated how the dispersion diagram may 
be tuned in response to a single DC bias. Although the proposed transmission line is intended for 
the SWASS array, it was decided to validate the concept using a metallic waveguide so that the 
added complexity of the anisotropic CFRP conductivity (discussed at length in [85] by the author) 
can be ignored. Hence, it was necessary to design a test fixture capable of supporting the centre 
conductor and substrate while permitting a single DC bias across each unit cell. The final test 
fixture is illustrate in Figure 5.12 with dimensions included in Appendix D.  
 
  
(a) (b) 
Figure 5.12: Coaxial test fixture (a) partially disassembled and (b) with closed cover plate installed using 
nylon screws to prevent accidental shorting of the bias circuit.  
 
The centre conductor and substrate is clamped along the mid-plane of the outer conductor with 
the positive bias voltage applied to the insulated (with 0.2 mm thick green tape) bias clamp. To 
facilitate the excitation of a quasi-TEM mode in the test fixture, a tapered transition from the 
coaxial SMA connector to the rectangular coaxial geometry of Figure 5.5 was designed and 
simulated in CST Microwave Studio. The transition geometry with measured and simulated 
performance is presented in Figure 5.13.  
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(a) 
  
(b) (c) 
Figure 5.13: Tapered transition (a) geometry, (b) simulated and (c) measured S-parameters for the coaxial 
test fixture with a simple ‘thru’ centre conductor (no CRLH-TL unit cells). The dimensions of the transition 
are detailed in Appendix D.  
 
The geometry in Figure 5.13 (a) was designed to maintain an impedance of approximately 50.0 Ω 
throughout the transition. However, the LPKF ProtoMat S103 (used for machining the substrate 
and centre conductor) limited the maximum substrate length to 300.0 mm. To ensure sufficient 
space for the CRLH-TL and any subsequent slot antenna investigations with the coaxial test 
fixture, the transition length was deliberately kept short. Regardless, the S-parameters in Figure 
5.13 (b) and (c) confirm the transition provides a good match (below -10.0 dB) to the standard SMA 
connectors.  
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5.4.1 Tunable CRLH-TL 
A single unit cell of the proposed CRLH-TL was constructed and measured in the coaxial test 
fixture with the closed cover plate as pictured in Figure 5.12 (b). The final dimensions of the unit 
cell are summarised in Table 5.1. 
 
Centre conductor width 10.00 mm 
Centre conductor gap 0.50 mm 
Shunt width 0.50 mm 
Shunt gap 0.50 mm 
Unit cell length (d) 10.00 mm 
Outer conductor height 10.16 mm 
Outer conductor width 22.86 mm 
Table 5.1: CRLH-TL unit cell dimensions for fabrication on Rogers RT/duroid© 5880 (0.508 mm thick) 
substrate with 0.5 oz. copper metallisation.  
 
The unit cell was machined on Rogers RT/duroid© 5880 (0.508 mm thick) substrate with 0.5 oz. 
copper metallisation using the LPKF ProtoMat S103. The 2.4 nH inductor (L1) was implemented 
with the Murata LQW15AN2N4B00D component. The lumped capacitors (C1 and C2) were 
implemented with the Aeroflex MGV125-08-0805 GaAs hyperabrupt varactor characterised in 
Figure 3.33.  
 
In Chapter 3 Section 3.6, only two varactors were connected in series. The leakage current was 
sufficient to ensure equal division of the bias voltage across each varactor. However, the proposed 
CRLH-TL consists of three varactors in series. Doubt as to whether all three varactors in the unit 
cell would see the same reverse bias prompted a slight modification to the geometry. To ensure 
equal division of the bias voltage, a 1.0 MΩ resistor (CPF0603B1M0E by Tyco Electronics) was 
placed in parallel with each varactor. At the design frequency of 4.0 GHz these lumped resistors 
are an effective open circuit, yet at DC they provide sufficient leakage current to ensure equal 
division of the bias voltage across each varactor. The manufactured unit cell is presented in Figure 
5.14. 
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Figure 5.14: Single unit cell of the proposed CRLH-TL. The copper contacts along the edges of the substrate 
are clamped in the coaxial test fixture to allow application of the DC bias across the unit cell.   
 
The Agilent N5245A PNA-X series vector network analyser was calibrated according to the Thru-
Reflect-Line procedure using coaxial waveguide standards. The S-parameters for the single unit 
cell of the CRLH-TL were then measured for three revers bias voltages generated by a Agilent 
6614C DC power supply. The measured S-parameters are presented in Figure 5.15. 
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(a) 
 
(b) 
 
(c) 
Figure 5.15: Measured S-parameters for a single unit cell of the proposed CRLH-TL with a total bias voltage 
of (a) 12.0 V, (b) 21.0 V and (c) 60.0 V.  
 
A total reverse bias voltage of 12.0 V across three varactors in series yields 4.0 V per varactor. This 
equates to a capacitance of 0.4 pF per varactor according to the measured device characteristic in 
Figure 3.33. Similarly, a total reverse bias of 21.0 V equates to 0.3 pF per varactor and a total 
reverse bias of 60.0 V equates to 0.2 pF per varactor. Hence the results in Figure 5.15 qualitatively 
agree with the simulated dispersion in Figure 5.10 (b). For example, a revers bias of 21.0 V exhibits 
a pass band that extends from approximately 3.4 GHz. The dispersion diagram for the single unit 
cell may be approximated from the measured phase by first de-embedding the coaxial test fixture 
to either side of the sample. For a matched CRLH-TL, the phase origin (defined as the frequency 
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for which the transmission line exhibits zero electrical length or β = 0°) occurs at the design 
frequency (4.0 GHz in this case) as discussed in [31]. The phase may then be unwrapped about this 
frequency as illustrated in Figure 5.16.  
 
 
Figure 5.16: Dispersion diagram approximated from the measured S-parameters for a single unit of the 
proposed CRLH-TL. 
 
This method for determining the dispersion diagram from a single unit cell of the transmission line 
is not overly accurate. For example, the propagation distance (d) is not well defined for a single 
unit cell. However, it does provide qualitative confidence that the proposed CRLH-TL is operating 
as expected when compared to the simulated dispersion diagram in Figure 5.10 (b).   
 
A more accurate method for experimentally determining the dispersion diagram would necessitate 
the manufacture of several samples with consecutively increasing number of unit cells. The 
relative phase between one and two unit cells may then be compared to the relative phase between 
two and three unit cells etc. If the transition length is maintained, a more accurate dispersion 
diagram may be constructed from the measured data. However, given the cost of each Aeroflex 
MGV125-08-0805 GaAs hyperabrupt varactor, this was deemed unnecessary. Rather, a second 
sample with four unit cells was manufactured to verify the pass band characteristics of the 
proposed CRLH-TL and to provide a basis for the later demonstration of an electronically steered 
leaky wave slot antenna in Section 5.4.2. The manufactured CRLH-TL is presented in Figure 5.17. 
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Figure 5.17: Four unit cells of the proposed CRLH-TL clamped in the coaxial test fixture. The DC bias 
voltage is applied between the upper side wall (insulated with 0.2 mm thick green tape) and the lower 
aluminium side wall.  
 
The measured S-parameters for four unit cells of the proposed CRLH-TL is presented in Figure 
5.18. The measured S-parameters qualitatively agree with the simulated dispersion in Figure 5.10 
(b) as expected albeit with a slight positive frequency shift (approximately 0.1 GHz) attributed to 
manufacturing error. For example, a reverse bias of 21.0 V (equivalent to the matched case when C1 
= C2 = 0.3 pF) exhibits a clear pass band that extends from 3.5 GHz (assuming a -10.0 dB cut-off 
criteria). For a reverse bias of 60.0 V (0.2 pF per varactor) and 12.0 V (0.4 pF per varactor), the onset 
of the left-handed mode is evident at 3.8 GHz and 3.2 GHz respectively. However, the stop band 
between left-handed and right-handed modes in Figure 5.18 (a) and (c) is not clear since only four 
unit cells were included in the manufactured transmission line. Increasing the number of unit cells 
in the manufactured transmission line may further enhance the stop band characteristic predicted 
in Figure 5.10 (b). 
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(a) 
 
(b) 
 
(c) 
Figure 5.18: Measured S-parameters for four unit cells of the proposed CRLH-TL with a total bias voltage of 
(a) 12.0 V, (b) 21.0 V and (c) 60.0 V.  
 
5.4.2 Electronically Steered Slot Antenna 
 To demonstrate how the proposed CRLH-TL may be applied to the SWASS concept, a simple two 
slot leaky wave antenna was designed in CST. The simulated antenna geometry is illustrated in 
Figure 5.19 where a quasi-TEM wave is excited in the positive z direction and the structure is 
terminated with a matched load at Port 2. The total radiated field is predominantly polarized along 
the x axis. There is a small component of the radiated field polarised in the y-z plane (with axial 
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ratio greater than 40 dB about the main lobe) that can be safely ignored for the purpose of this 
work. 
 
 
Figure 5.19: Simulated geometry for a simple two slot leaky wave antenna. Four unit cells of the proposed 
CRLH-TL are included between the radiating slots. 
 
Each slot is cantered at 30º relative to the waveguide axis and was separated by one guided 
wavelength. This permitted a maximum of four unit cells of the proposed CRLH-TL to be included 
between radiating slots. The slot ends were rounded and the slot width was fixed at 2.6 mm for 
manufacture in a 1.0 mm thick outer conductor. To ensure broadside radiation when the CRLH-TL 
exhibits a zero degree phase shift (matched case when C1 = C2 = 0.3 pF), the slot lengths were 
chosen to ensure equal radiated power at 4.0 GHz. This was achieved by determining the 
percentage of source power that is radiated for various slot lengths as illustrated in Figure 5.20. 
 
 
Figure 5.20: Percentage of source power that is radiated from a cantered slot. 
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If c is the power incident to the first slot and c*D+ is the percentage that is radiated for a given 
slot length (as determined by the polynomial fit in Figure 5.20), then the power radiated by the 
second slot is simply c ∗ s1 − c*D+u ∗ c*+ assuming no loss in the CRLH-TL and negligible 
reflection from each slot. The slot lengths for equal radiated power may therefore be obtained by 
numerically solving the relation; 
 
 c*D+ = s1 − c*D+u ∗ c*+ (5.29) 
 
to yield la = 39.1 mm and lb = 42.6 mm. The simulated realised gain of the two slot leaky wave 
antenna is presented in Figure 5.21 as the varactors C1 = C2 are tuned. 
 
 
Figure 5.21: Simulated realised antenna gain at 4.0 GHz in the y-z plane for the geometry in Figure 5.17 
when C1 = C2 is tuned from 0.2 pF to 0.4 pF. 
 
The simulated leaky wave antenna exhibits a scan angle of +/- 12º from broad side with peak 
realized gain spanning 4.2 dB to 5.2 dB. When C1 = C2 = 0.4 pF, the CRLH-TL is operating in the 
right-handed mode and so the phase at the second slot lags behind the phase at the first slot. The 
radiated field is therefore titled forward towards the matched load at Port 2. Conversely when C1 = 
C2 = 0.2 pF, the CRLH-TL is operating in the left-handed mode and so the phase at the second slot 
precedes the phase at the first slot. The radiated field is therefore titled back towards the source at 
Port 1. When C1 = C2 = 0.3 pF, both slots are excited in phase and so the radiated field is maximum 
at broadside.  
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To experimentally validate this simple leaky wave slot antenna with four unit cells of the proposed 
CRLH-TL, the closed cover plate on the coaxial test fixture was replaced with a slotted cover plate 
as illustrated in Figure 5.22.  
 
  
 
 
Figure 5.22: Coaxial test fixture with slotted cover and four unit cells of the proposed CRLH-TL. 
 
The Agilent N5245A PNA-X series vector network analyser was first calibrated against a A.R.A 
DRG-118/A horn antenna with known radiation performance as illustrated in Figure 5.23 (a). The 
coaxial test fixture with slotted cover plate and four unit cells of the proposed CRLH-TL was then 
installed on the antenna stand with a Anritsu 50.0 Ω load on Port 2 as illustrated in Figure 5.23 (b). 
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(a) (b) 
Figure 5.23: Measurement geometry for (a) calibration and (b) coaxial test fixture with slotted cover plate 
and four unit cells of the proposed CRLH-TL. 
 
A modified Meade LX200 telescope mount was used to rotate the antenna in the y-z plane. The 
measured gain for three reverse bias voltages is presented in Figure 5.24. 
 
 
Figure 5.24: Measured realised antenna gain at 4.0 GHz in the y-z plane for the geometry in Figure 5.22. 
 
The measured antenna exhibits a scan angle of +/- 11º from broad side with peak realized gain 
spanning 3.6 dB to 4.3 dB. Hence the measured antenna demonstrates reasonable agreement with 
the simulated results in Figure 5.21. However, there is slight reduction in gain (less than 1.0 dB) 
and scan angle (less than 1.0º)  that is attributed to resistive losses (present in the lumped elements 
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and copper metallisation) and machining tolerances. Furthermore, the physical size of the coaxial 
test fixture may have contributed to the discrepancy between simulated and measured side lobes.  
 
For completeness, the scan angle and return loss (|S11| when Port 2 is terminated with a matched 
load) is presented in Figure 5.25 as a function of applied bias voltage.  
  
  
(a) (b) 
Figure 5.25: Measured and simulated (a) scan angle and (b) return loss at 4.0 GHz in the y-z plane for the 
geometry in Figure 5.22. 
 
The results in Figure 5.25 (a) clearly demonstrate continuous beam steering from positive angles, 
through broad side, to negative angles at 4.0 GHz. Hence the transition from left-handed to right-
handed modes in the proposed CRLH-TL confirms the theoretical dispersion diagram in Figure 
5.10 (b). Furthermore, Figure 5.25 (b) demonstrates that the proposed antenna is reasonably 
matched over the entire tunable voltage range. Although further optimisation of the side lobe 
level, scan angle and return loss may be possible, this antenna clearly demonstrates how the 
proposed coaxial CRLH-TL may be applied to the SWASS concept to achieve electronic beam 
steering along the waveguide axis. 
 
5.5 Conclusion 
This chapter has demonstrated a means to achieve electronic control of the phase along a single 
waveguide for the purpose of beam steering in the plane parallel to the waveguide axis. This was 
achieved using a coaxial CRLH-TL geometry that can be simply inserted along the waveguide axis. 
The dispersion characteristics of this transmission line were derived together with the condition 
for matched tuning whereby no stop band separated the left-handed and right-handed modes. 
However, the complex relationship between the series and shunt capacitances in the unit cell 
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suggested a simple linear approximation that required only a single DC bias. The proposed unit 
cell therefore exhibits a propagating mode at the design frequency that can be tuned for either a 
phase advance (left-handed mode) or phase delay (right-handed mode).  
 
The proposed unit cell was validated in a purpose built test fixture that ensured a perfect DC 
connection to the bias circuit. A simple two-slot leaky wave antenna utilising the CRLH-TL 
demonstrated how the proposed unit cell may be incorporated in the SWASS concept for 
continuous beam steering from positive angles, through broad side, to negative angles at 4.0 GHz. 
Although it is possible to metallise the CFRP waveguides to achieve a perfect DC bias circuit, it 
will add complexity and cost to the SWASS manufacturing process. Further research might 
consider incorporating the bias lines on the substrate thereby negating the need to metallise the 
CFRP waveguide. However, any gap between the bias line and waveguide wall will introduce an 
additional capacitance in series with C1. This capacitance will necessitate an increase in the shunt 
inductance L1 to ensure the dispersion diagram remains matched at the design frequency. 
 
This work has demonstrated how electronic beam steering in the plane parallel to the waveguide 
axis can be achieved with the SWASS concept. Hence, the proposed coaxial CRLH-TL may be 
combined with traditional off-the-shelf phase shifters to achieve electronic beam steering in any 
plane independent of the top-hat cross-section stiffened geometry. The SWASS concept may 
therefore be regarded as a viable multifunctional structure when electronic beam steering is 
required. However, the challenge remains to combine the miniaturized slot design in Chapter 4 
with the proposed coaxial CRLH-TL design in a carbon fibre reinforced polymer waveguide to 
achieve a truly integrated and capable SWASS. 
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6 Summary and Outlook 
 
This work has investigated tunable metamaterials and their application to the Slotted Waveguide 
Antenna Stiffened Structure (SWASS) concept. Chapter 2 reviewed the historical development of 
metamaterials with a focus on tunable unit cell designs. The inefficient use of tunable elements in 
existing metamaterial designs prompted the investigation of the series connected split-ring 
resonator (SC-SRR) unit cell in Chapter 3.  
 
The SC-SRR incorporated varactors for wide band tunability of the negative refractive index 
region. The wire elements (necessary for negative permittivity) were used to introduce a bias 
across each varactor in the split-ring resonator (necessary for negative permeability). Theoretical 
analysis of this unit cell revealed a minimum capacitance above which the magnetic plasma 
frequency remained between the electric plasma and resonance frequencies. This ensured a 
negative refractive index for the entire tunable range of the varactor. 
 
The SC-SRR unit cell highlighted two unique metamaterial features that may benefit the SWASS 
concept. The first feature pertains to the high electric fields and strong localised currents that can 
be excited in the unit cell. This inspired the wire element loaded slot design in Chapter 4 that 
permitted acceptable gain form a sub-wavelength aperture. The structural impact of the slotted 
waveguide antenna on the parent structure may therefore be minimised in the SWASS concept. 
 
The second feature is concerned with the tunable negative refractive index and the associated 
positive / negative phase velocity that can be achieved at a given frequency for a given bias 
voltage. This inspired the development of a coaxial composite right/left-handed transmission line 
suitable for the SWASS concept in Chapter 5. Continuous electronic beam steering may therefore 
be achieved independent of the top-hat cross-section stiffener orientation in the SWASS concept. 
 
The key ideas presented in this work are yet to be united in a functional SWASS prototype. The 
logical next step in this research is to combine the wire element loaded slot and coaxial composite 
right/left-handed transmission line to achieve electronic beam steering in a truly multifunctional 
carbon fibre reinforced polymer aircraft panel. Furthermore, a broader application of the SWASS 
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concept may be envisioned where the many disparate antennas commonly found on maritime and 
land platforms are one day replaced with their conformal load-bearing alternatives.  
 
Finally, this work has demonstrated just a few of the many interesting features metamaterials have 
to offer. Unfortunately many of today’s engineers are perhaps not aware of these features or 
simply don’t understand how they may be exploited. This is evident in the plethora of publications 
that discuss the exotic properties of metamaterials but rarely allude to a practical real-world 
application. It is hoped that this work takes one small step towards bridging the gap between the 
science of metamaterials and the real-world engineering application of their unique properties. 
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Appendix A: Effective Constitutive Parameter Retrieval 
 
The characterisation of materials in terms of their complex constitutive parameters (permittivity 
and permeability) is a well-established problem in physics [108], [109]. A variety of resonant 
methods for measuring these properties are discussed in the books of Von Hippel [110], [111] and 
reviewed extensively in [112]. However, the development of the vector network analyser has since 
yielded a simple non-resonant approach to simultaneously determine the permittivity and 
permeability of the Material Under Test (MUT) from the measured S-parameters. The algorithm 
for retrieving the constitutive properties from the measured S-parameters was developed in the 
works of Nicholson and Ross [113] and later Weir [114]. A typical configuration for the 
measurement is illustrated in Figure A.1. 
 
 
Figure A.1: Propagation of electromagnetic waves through the Material Under Test (MUT). 
 
Assuming a time dependence of , the total electric field in each region may be expressed as; 
 
 ` =  + _ (A.1) 
 ` = Y + Y  (A.2) 
 ` = _  (A.3) 
 
where the complex propagation constants are given by; 
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  = ;P\\p R
 − P2' R
 
 (A.4) 
  = ;PpR
 − P2' R
 
 
(A.5) 
 
to account for possible losses in the MUT (only in the lossless case where \ ∈ ℝ and \ ∈ ℝ does  = o) and dispersion in the measurement fixture (accounted for by the cut-off wavelength λc). 
The unknown coefficients (B1 and B2) together with the S-parameters (S11 and S21) for the MUT may 
then be solved by satisfying the boundary requirements for the electric field; 
 
 `| =	`| (A.6) 
 `|D =	`|D  (A.7) 
 
and magnetic field; 
 
 
1 
 `
  =	 1\ 
`
  (A.8) 
 
1\ 
`
 D =	 1 
`
 D (A.9) 
 
at each interface. The Nicholson-Ross-Weir (NRW) algorithm may be derived by first expressing 
the sum and difference of the S-parameters as [113]; 
 
  = _  + _ (A.10) 
  = _  − _ (A.11) 
 
and defining the parameter; 
 
 y = 1 −  −  (A.12) 
 
which gives the reflection coefficient as; 
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 w = y ± ey − 1 (A.13) 
 
and transmission coefficient as; 
 
 K =  − w1 − w (A.14) 
 
where the sign of the square root is chosen to ensure |R| ≤ 1. The complex permeability and 
permittivity may then be determined from R and T according to the relations [114]; 
 
 
\ = 1 + wΛ*1 − w+; 1 − 1 
 
(A.15) 
 \ = P
1Λ + 1 R \  (A.16) 
 
where; 
 
 
1Λ = − 12'Q ln 1K + *∠ P1KR + 2 '+
 
 (A.17) 
 
and |∙| denotes magnitude and ∠*∙+ denotes angle of the complex term. The sample thickness (a) 
must be sufficiently thin at the lowest frequency to assume with confidence that the initial branch 
(denoted by the integer m) takes the value m = 0. Subsequent branches may be resolved by 
ensuring the estimated group delay (calculated from ε and µ for each m) best matches the 
measured group delay (calculated from the angle of T). This method works well provided ε and µ 
don’t change rapidly with frequency.  
 
For example, a slab of Plexiglass 20 mm thick simulated in CST yields the S-parameters and 
constitutive properties illustrated in Figure A.2 
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(a) (b) 
Figure A.2: Simulated (a) S-parameters and (b) extracted permittivity and permeability for a 20 mm thick 
slab of Plexiglass. 
 
At 2.0 GHz the Plexiglass sample is approximately 7.5 times smaller than the free space 
wavelength and so it can be assumed m = 0 with relative confidence. According to the NRW 
algorithm, the branch index correctly increments by one at each multiple of a wavelength within 
the Plexiglass as illustrated in Figure A.3.  
 
  
Figure A.3: Evolution of the branch index across the simulated bandwidth. 
 
Unfortunately this criteria is generally not satisfied for metamaterials in the vicinity of the electric 
or magnetic resonance where the permittivity and permeability may vary rapidly with frequency. 
There are many interesting approaches in the literature to overcome this limitation of the NRW 
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algorithm for metamaterials [115]–[120]. However not all are amenable to both experimental 
measurement and numerical simulation.  
 
For example, in [119] the ratio of the averaged local E and D (or H and B) over the unit cell are 
used to estimate the effective permittivity and permeability. This approach is well suited to 
theoretical calculation or numerical simulation but is not practical from an experimental 
perspective. In [120] the Kramers-Kronig relations are used to enforce causality and therefore 
ensure the correct branch index is selected. This approach works well provided sufficient 
bandwidth can be measured or simulated to ensure an accurate estimation of the Cauchy principal 
integration value. Unfortunately this is not possible for band-limited measurements (such as in 
rectangular waveguide) nor efficient to numerically simulate. Hence a new method was 
developed, based on the work of [117], for this investigation. 
 
Two additional steps were appended to the NRW algorithm. It was first noted that small values of 
S21 occur when the effective refractive index approaches zero. Hence small perturbations in S21 
(attributed to noise in the experimental measurement or numerical error in the simulation) may 
inadvertently flip the sign of both the real and imaginary components of ε or µ. Therefore a simple 
error checking routine at each frequency step was implemented whereby the sign of the previous 
(assumed correct) property is compared with the current property. If both the real and imaginary 
components have opposite sign, the necessary correction is made.  
 
The second addition to the NRW algorithm was used to confirm the correct branch selection by 
fitting a polynomial of order p to the (assumed correct) refractive index. The branch that best 
matched the polynomial at the next frequency step was chosen. Away from any resonance, a value 
of p = 1 was sufficient. However, close to the resonance, a higher order polynomial (typically p = 2 
or p = 3) was necessary. In most cases the chosen branch matched the group delay method used in 
the NRW algorithm. However, in the vicinity of a strong resonance, the polynomial approach 
yielded a more reliable result. 
 
The modified NRW algorithm was implemented in Matlab using the following code: 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% Permittivity and Permeability Extraction from S data 
%% 
%% Convention: exp(-j*omega*t), Eps = eps_re + j*eps_im, Mu = mu_re + j*mu_im 
%% 
%% Author: Kelvin J. Nicholson 
%% Revision: 091211 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
function EpsMu 
  
    %% Matlab Setup 
    clear all; clc; format short; startTime = clock; 
     
    %% Waveguide properties (select only one fundamental mode with lambdaC = 2*a) 
    %lambdaC = 2*34.8488/1000; disp('Guide type = WR137'); 
    lambdaC = inf; disp('Guide type = Free space'); 
     
    %% Load data (function not included, be sure to abide by time convention) 
    [frequency,S11,S21,S22,S12,filename] = loadData; if isequal(filename,0); return; end; 
     
    %% Get material thickness 
    d = input('What is the sample thickness (mm)? ')*10^-3; if isempty(d); return; end; 
    
    %% De-embed S data 
    [S11, S21, S22, S12] = deembedS(frequency,S11,S21,S22,S12,lambdaC); 
         
    %% Calculate properties using S11 and S21 
    [Eps,Mu,Z,N] = nrw(d,frequency,S11,S21,lambdaC);   
    
    %% Plot data in Matlab 
    plotAll(frequency,S11,S21,Eps,Mu,Z,N); 
         
    %% Finish 
    stopTime = clock; 
    disp(['Elapsed time = ',num2str(etime(stopTime,startTime)),' sec.']); 
        
end %EpsMu 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% NRW Method with polynomial fix 
%% Ref: Nicholson, A. M., Ross, G. F., IEEE Trans. Ins. and Meas. 1970-19(4):377-382 
%% Ref: Wier, W., IEEE Proc., 1974-62(1):33-36 
%% Ref: HP Application Note 8510-3 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
function [Eps,Mu,Z,N] = nrw(d,frequency,S11,S21,lambdaC)  
     
    disp('Using Modified NRW method') 
    disp('Branch index adjusted using group delay'); 
     
    %% Constants 
    eps0 = 8.854*10^-12; 
    mu0 = 4*pi*10^-7; 
    c0 = 1/sqrt(eps0*mu0); 
    z0 = sqrt(mu0/eps0); 
    j = sqrt(-1); 
     
    %% Reference: Nicholson-Ross 
    V1 = S21 + S11; %Eqn. 5a 
    V2 = S21 - S11; %Eqn. 5b 
    X = (1-V1.*V2)./(V1-V2); %Eqn. 5c 
    R = X+((X.^2)-1).^0.5; %Eqn. 6 (reflection coefficient) 
    for f=1:length(frequency);  
        if abs(R(f)) > 1; %Causality fix 
           R(f) = X(f)-((X(f).^2)-1).^0.5; 
        end 
    end 
    T = (V1-R)./(1-V1.*R); %Eqn. 7 (transmission coefficient) 
     
    %% Reference: Wier 
    M = [0 1 2 3 4]; disp(['Available branch index M = ',num2str(M)]); %Branch cut vector 
    sFlag(1) = 1; disp(['Initial sign flag forced to be ', num2str(sFlag)]); %Initial sign flag 
    lambda0 = c0./frequency; %Free space wavelength 
    delF = frequency(2)-frequency(1); %Frequency spacing 
    for m = 1:length(M)    
        one_on_lambdaGsqM(:,m) = -((log(abs(1./T))+j*(angle(1./T)-2*M(m)*pi))/(2*pi*d)).^2; %Eqn. 8 (lambdaG = 1./real(one_on_lambdaGsq.^0.5)) 
        MuM(:,m) = ((1+R)./(1-R)).*(one_on_lambdaGsqM(:,m).^0.5).*((lambda0.^-2)-(lambdaC^-2)).^-0.5; %Eqn. 9 (relative permeability) 
        EpsM(:,m) = (one_on_lambdaGsqM(:,m)+(lambdaC^-2)).*(lambda0.^2)./MuM(:,m); %HP application note 8510-3 (relative permittivity) 
         
        %% Correct sign errors in each branch attributed to noise on small Eps (or Mu) 
        for f = 2:length(frequency) 
            if (sign(imag(EpsM(f,m))) ~= sign(imag(EpsM(f-1,m)))) && (sign(real(EpsM(f,m))) ~= sign(real(EpsM(f-1,m)))) 
                sFlag(f,1) = -sFlag(f-1,1); 
            else 
                sFlag(f,1) = sFlag(f-1,1); 
            end 
        end 
        EpsM(:,m) = sFlag.*EpsM(:,m); 
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        MuM(:,m) = sFlag.*MuM(:,m); 
         
        %% Calculate group delay from estimated permittivity and permeability 
        tgM(:,m) = gradient(real(d*((EpsM(:,m).*MuM(:,m).*lambda0.^-2)-(lambdaC^-2)).^0.5),delF); %Eqn. 10 (group delay for branch solution, seconds) 
    end %m 
     
    %% Calculate group delay from measured S parameters 
    tg = gradient(angle(T),delF)/(2*pi); %Eqn. 11a (group delay from transmission coefficient, seconds) 
     
    %% Select correct branch by minimising difference in group delay 
    [group_error,M_index] = min(abs(tgM-repmat(tg,size(M))),[],2); %Eqn. 11b (minimise group delay error) 
    M_index(1) = find(M==0); disp(['Initial branch forced to be m = ',num2str(M(M_index(1)))]); 
    for f = 1:length(frequency) 
        Mu(f,1) = MuM(f,M_index(f)); 
        Eps(f,1) = EpsM(f,M_index(f)); 
    end %f 
        
    %% Check and override group delay method by fitting polynomial to preceding data  
    polyorder = 2; disp(['Polynomial of order ', num2str(polyorder),' used to check and override group delay method']); 
    fitFun = @(a,b) real(a.*b); disp('Real(Eps*Mu) used for polynomial fitting'); 
    for f = polyorder+2:length(frequency) 
        fitDat = fitFun(Eps,Mu); fitMat = fitFun(EpsM,MuM); 
        fitDat_poly = polyfit(frequency(f-polyorder-1:f-1)./10^9,fitDat(f-polyorder-1:f-1),polyorder); 
        fitDat_next = polyval(fitDat_poly,frequency(f)./10^9); 
        [fitDat_error,fitDat_index] = min(abs(fitMat(f,:) - fitDat_next)); 
        if fitDat_index ~= M_index(f) 
            Eps(f,1) = EpsM(f,fitDat_index); 
            Mu(f,1) = MuM(f,fitDat_index); 
            M_index(f) = fitDat_index; 
        end 
    end 
  
    %% Warn if jumps greater than 1 in M_index detected 
    if max(diff(M_index) > 1); disp('WARNING: Branch jumps greater than 1'); end 
           
    %% Calculate N and Z from Eps and Mu by forcing imag(N) >= 0 and real(Z) >= 0 
    for f = 1:length(frequency) 
        N(f,1) = (Eps(f)*Mu(f))^0.5; %Refractive index 
        if imag(N(f,1)) < 0 
            N(f,1) = -N(f,1); 
        end 
        Z(f,1) = (Mu(f)/Eps(f)).^0.5; %Relative impedance 
        if real(Z(f,1)) < 0 
            Z(f,1) = -Z(f,1); 
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        end 
    end 
         
end %nrw 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% De-embed measurement reference ports 
%% Ref: NIST Tech. Note 1536 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
function [S11, S21, S22, S12] = deembedS(frequency,S11,S21,S22,S12,lambdaC) 
     
    %% Constants 
    eps0 = 8.854*10^-12; 
    mu0 = 4*pi*10^-7; 
    c0 = 1/sqrt(eps0*mu0); 
    z0 = sqrt(mu0/eps0); 
    j = sqrt(-1); 
     
    %% Input distance to sample face from each calibration port (default 0 mm) 
    de1 = input('Distance to de-embed port 1 (0 mm) = ')*10^-3; if isempty(de1), de1 = 0; end; 
    de2 = input('Distance to de-embed port 2 (0 mm) = ')*10^-3; if isempty(de2), de2 = 0; end; 
     
    %% De-embed ports 
    lambda0 = c0./frequency; 
    lambdaG = lambda0.*(1-(lambda0./lambdaC).^2).^-0.5; 
    gamma = j*((2*pi./lambda0).^2 - (2*pi./lambdaC).^2).^0.5; 
    try S11 = S11.*exp(-2*gamma*de1); catch; S11 = []; end; %Eqn. 86 
    try S22 = S22.*exp(-2*gamma*de2); catch; S22 = []; end; %Eqn. 87 
    try S21 = S21.*exp(-gamma*de1).*exp(-gamma*de2); catch; S21 = []; end; %Eqn. 88 
    try S12 = S12.*exp(-gamma*de1).*exp(-gamma*de2); catch; S12 = []; end; %Eqn. 88 
     
    disp(['Port 1 has been de-embedded by ', num2str(de1*1000), ' mm']) 
    disp(['Port 2 has been de-embedded by ', num2str(de2*1000), ' mm']) 
     
end %deembedS 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% Plot all data in Matlab 
%% Note:  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
function plotAll(frequency,S11,S21,Eps,Mu,Z,N) 
  
    %% Plot S data 
    figure;  
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    subplot(2,1,1); hold on; 
    plot(frequency/10^9,abs(S11),'r-') 
    plot(frequency/10^9,abs(S21),'b-.') 
    plot(frequency/10^9,1-abs(S11).^2-abs(S21).^2,'k:'); 
    legend('S11','S21','Loss','Location','southeast'); legend boxoff; 
    xlabel('Frequency (GHz)'), ylabel('Magnitude (abs)'); ylim([0,1]);  
    box on; hold off; 
  
    subplot(2,1,2); hold on; 
    plot(frequency/10^9,unwrap(angle(S11)).*180/pi,'r-') 
    plot(frequency/10^9,unwrap(angle(S21)).*180/pi,'b-.') 
    legend('S11','S21','Location','southeast'); legend boxoff; 
    xlabel('Frequency (GHz)'), ylabel('Phase (deg)');  
    box on; hold off; 
  
    %% Plot impedance and refractive index 
    figure; 
    subplot(2,1,1); hold on;  
    plot(frequency/10^9,real(Z),'r-') 
    plot(frequency/10^9,imag(Z),'b-.') 
    legend('Re(z)','Im(z)','Location','southeast'); legend boxoff; 
    xlabel('Frequency (GHz)'), ylabel('Impedance (relative)');  
    box on; hold off; 
     
    subplot(2,1,2); hold on; 
    plot(frequency/10^9,real(N),'r-') 
    plot(frequency/10^9,imag(N),'b-.') 
    legend('Re(n)','Im(n)','Location','southeast'); legend boxoff; 
    xlabel('Frequency (GHz)'), ylabel('Index (relative)');  
    box on; hold off; 
     
    %% Plot permittivity and permeability 
    figure; 
    subplot(2,1,1); hold on;  
    plot(frequency/10^9,real(Eps),'r-') 
    plot(frequency/10^9,imag(Eps),'b-.') 
    legend('Re(\epsilon)','Im(\epsilon)','Location','southeast'); legend boxoff; 
    xlabel('Frequency (GHz)'); ylabel('Permittivity (relative)');  
    box on; hold off; 
     
    subplot(2,1,2); hold on;  
    plot(frequency/10^9,real(Mu),'r-') 
    plot(frequency/10^9,imag(Mu),'b-.') 
    legend('Re(\mu)','Im(\mu)','Location','southeast'); legend boxoff; 
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    xlabel('Frequency (GHz)'); ylabel('Permeability (relative)');  
    box on; hold off;   
         
end %plotAll 
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Appendix B: Interdigital Capacitor Estimation 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% Interdigital Varactor Calculation (infinite width ends) 
%% 
%% See E.Fardin PhD Thesis. 2007. for equation references (modified for 
%% arbitrary capping layer). 
%% 
%% 1. "Modelling of thin-film HTS/ferroelectric interdigital 
%% capacitors," S. Gevorgian, E Carlsson, S. Rudner, L.-D. Wernlund, X. Wang, 
%% and U. Helmersson, IEE Proceedings - Microwaves, Antennas, and 
%% Propagation, vol. 13, no. 5, pp. 307-401, Oct. 1996. 
%% 
%% 2. "CAD Models for Multilayered Substrate Interdigital 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
  
function idcCalc_single 
  
    %% Matlab Setup 
    clear all; format long; clc; 
     
    %% Constants 
    eps0 = 8.854*10^-12; 
     
    %% Define IDC variables  
    finger_overlap = 200;                          %Finger overlap length (um) 
    finger_number = 8;                             %Number of fingers  
    finger_width = 5;                              %Finger width (um) 
    finger_spacing = 2;                            %Finger spacing (um) 
    finger_end = 0.5*(300-200);                    %Finger end gap (um) 
    conductor_thickness = 0.2;                     %Conductor thickness (um) 
    substrate_thickness = 500;                     %Substrate thickness (um) 
    substrate_permittivity = 9.8;                  %Substrate permittivity (relative) 
    superstrate_thickness = 50;                    %Superstarte thickness (nm) 
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    superstrate_permittivity = [250,850];          %Superstrate permittivity (relative) 
    capping_permittivity = 1.0;                    %Capping layer permittivity (relative)     
     
 
    %% Derive parameters for calculation 
    t = conductor_thickness*10^-6; 
    s = 0.5*((finger_width*10^-6)) + (t/pi)*(1+log((8*pi*finger_width*10^-6)/t)); %%Eqn. 1 Ref. 2 
    g = 0.5*finger_spacing*10^-6;     
    l = finger_overlap*10^-6; 
    gend = finger_end*10^-6;          
    h2 = superstrate_thickness*10^-9; 
    h1 = (substrate_thickness*10^-6) + h2;     
    eps2lo = superstrate_permittivity(1); 
    eps2hi = superstrate_permittivity(2); 
    eps1 = substrate_permittivity; 
    eps3 = capping_permittivity; 
    n = finger_number; 
  
    %% Calculate capacitance 
    totalClo = getC(s,g,gend,l,h1,h2,eps1,eps2lo,eps3,n); 
    totalChi = getC(s,g,gend,l,h1,h2,eps1,eps2hi,eps3,n); 
         
    %% Summary text output 
    disp(['IDC Total geometric width = ', num2str((n*(finger_width) + (n-1)*(finger_spacing))), ' um.']) 
    disp(['IDC Total geometric length = ', num2str(((finger_overlap(1))+2*gend(1)*10^6)), ' um.']) 
    disp(['Finger width = ', num2str(finger_width), ' um.']); 
    disp(['Finger spacing = ', num2str(finger_spacing), ' um.']); 
    disp(['Finger number = ', num2str(finger_number), '.']); 
    disp(['C = ', num2str(totalClo), ' pF to ', num2str(totalChi), ' pF for finger overlap = ', num2str(finger_overlap), ' um.']); 
     
end %idcCalc_single 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% Interdigital Varactor Calculation (pF) for infinite width ends. 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
function C = getC(s,g,gend,l,h1,h2,eps1,eps2,eps3,n) 
      
    %% Constants 
    eps0 = 8.854*10^-12; 
    xfactor = 0.5*s;      %%Numerical factor (see reference 1 above) 
    h3 = h1;             
       
    %% PERIODIC CAPACITANCE %%% 
    k0 = s/(s+g);           %%Eqn. 3.17 
  
138 
 
    k0pr = sqrt(1-k0^2);    %%Eqn. 3.18 
         
    argn11 = pi*s/(2*h1); 
    argn12 = pi*(s+g)/(2*h1); 
    argn21 = pi*s/(2*h2); 
    argn22 = pi*(s+g)/(2*h2); 
    argn31 = pi*s/(2*h3); 
    argn32 = pi*(s+g)/(2*h3); 
       
    k1n=(sinh(argn11)/sinh(argn12))*sqrt(((cosh(argn12))^2+(sinh(argn12))^2)/((cosh(argn11))^2+(sinh(argn12))^2)); %%Eqn 3.19 
    k1npr = sqrt(1-k1n^2); 
    k2n=(sinh(argn21)/sinh(argn22))*sqrt(((cosh(argn22))^2+(sinh(argn22))^2)/((cosh(argn21))^2+(sinh(argn22))^2)); %%Eqn. 3.19 
    k2npr = sqrt(1-k2n^2); 
    k3n=(sinh(argn31)/sinh(argn32))*sqrt(((cosh(argn32))^2+(sinh(argn32))^2)/((cosh(argn31))^2+(sinh(argn32))^2)); %%Eqn. 3.19 
    k3npr = sqrt(1-k3n^2); 
         
    q1n=(K(k1n)*K(k0pr))/(K(k1npr)*K(k0)); %%Eqn. 3.16 
    q2n=(K(k2n)*K(k0pr))/(K(k2npr)*K(k0)); %%Eqn. 3.16 
    q3n=(K(k3n)*K(k0pr))/(K(k3npr)*K(k0)); %%Eqn. 3.16 
         
    epseffn = 1+q1n*(eps1-1)/2+q2n*(eps2-eps1)/2+q3n*(eps3-1)/2; %%Eqn. 3.15 (modified to include capping layer Eqn. 11 Ref. 2) 
     
    cn=(n-3)*eps0*epseffn*(K(k0)/K(k0pr))*l; %%Eqn. 3.14 
         
    %% THREE FINGER CAPACITANCE %%% 
    k03=(s/(s+2*g))*sqrt((1-((s+2*g)/(s+2*s+2*g))^2)/(1-((s)/(s+2*s+2*g))^2)); %%Eqn. 3.23 
    k03pr=sqrt(1-k03^2);    
     
    arg311 = pi*s/(2*h1); 
    arg312 =pi*(s+2*g)/(2*h1); 
    arg313 = pi*(s+2*s+2*g)/(2*h1); 
    arg321=pi*s/(2*h2); 
    arg322=pi*(s+2*g)/(2*h2); 
    arg323=pi*(s+2*s+2*g)/(2*h2); 
    arg331=pi*s/(2*h3); 
    arg332=pi*(s+2*g)/(2*h3); 
    arg333=pi*(s+2*s+2*g)/(2*h3); 
     
    k13=(sinh(arg311)/sinh(arg312))*sqrt(1-(((sinh(arg312))^2)/(sinh(arg313))^2)/(1-(((sinh(arg311))^2)/(sinh(arg313))^2))); %%Eqn. 3.24 
    k13pr = sqrt(1-k13^2); 
    k23=(sinh(arg321)/sinh(arg322))*sqrt(1-(((sinh(arg322))^2)/(sinh(arg323))^2)/(1-(((sinh(arg321))^2)/(sinh(arg323))^2))); %%Eqn. 3.24 
    k23pr = sqrt(1-k23^2); 
    k33=(sinh(arg331)/sinh(arg332))*sqrt(1-(((sinh(arg332))^2)/(sinh(arg333))^2)/(1-(((sinh(arg331))^2)/(sinh(arg333))^2))); %%Eqn. 3.24 
    k33pr = sqrt(1-k33^2); 
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    q13=(K(k13)*K(k03pr))/(K(k13pr)*K(k03)); %%Eqn. 3.22 
    q23=(K(k23)*K(k03pr))/(K(k23pr)*K(k03)); %%Eqn. 3.22 
    q33=(K(k33)*K(k03pr))/(K(k33pr)*K(k03)); %%Eqn. 3.22 
         
    epseff3 = 1 + q13*(eps1-1)/2+q23*(eps2-eps1)/2+q33*(eps3-1)/2; %%Eqn. 3.21 (modified to include capping layer Eqn. 16 Ref. 2) 
     
    c3=4*eps0*epseff3*(K(k03)/K(k03pr))*l; %%Eqn. 3.20 
     
     
    %% FINGER END CAPACITANCE %%% 
    k0end = (xfactor*s/(xfactor*s+2*gend)); %%Eqn. 3.28 
    k0endpr = sqrt(1-k0end^2);                   
     
    arge11 = pi*xfactor*s/(2*h1); 
    arge12=pi*(xfactor*s+2*gend)/(2*h1); 
    arge21 = pi*xfactor*s/(2*h2); 
    arge22=pi*(xfactor*s+2*gend)/(2*h2); 
    arge31 = pi*xfactor*s/(2*h3); 
    arge32=pi*(xfactor*s+2*gend)/(2*h3); 
     
    k1end = sinh(arge11)/sinh(arge12); %%Eqn. 3.29 
    k1endpr=sqrt(1-k1end^2); 
    k2end=sinh(arge21)/sinh(arge22); %%Eqn. 3.29 
    k2endpr=sqrt(1-k2end^2); 
    k3end=sinh(arge31)/sinh(arge32); %%Eqn. 3.29 
    k3endpr=sqrt(1-k3end^2); 
     
    q1end=(K(k1end)*K(k0endpr))/(K(k1endpr)*K(k0end)); %%Eqn. 3.27 
    q2end=(K(k2end)*K(k0endpr))/(K(k2endpr)*K(k0end)); %%Eqn. 3.27 
    q3end=(K(k3end)*K(k0endpr))/(K(k3endpr)*K(k0end)); %%Eqn. 3.27 
     
    epseffend=1+(q1end*(eps1-1)/2)+q2end*(eps2-eps1)/2+q3end*(eps3-1)/2; %%Eqn. 3.26 (modified to include capping layer Eqn. 40 Ref. 2) 
     
    %cend=4*s*n*(2+pi)*eps0*epseffend*(K(k0end)/K(k0endpr)); %%Eqn. 3.30 (Original formulation) 
    cend=4*s*(n*(2+pi)-pi)*eps0*epseffend*(K(k0end)/K(k0endpr)); %%Eqn. 3.25 (Fardin modification) 
     
    %% TOTAL CAPACITANCE %% 
    C = (c3+cn+cend)*1E+12; 
         
end %getC 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% Elliptic integral using Matlab approximation 
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
function k = K(x) 
    if abs(x) > 1 
        disp('Problem with ellipke function!') 
    end 
    k = ellipke(x^2); 
end %K
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Appendix C: WR-137 Test Fixture 
 
Figure C.1: WR-137 test fixture. All dimensions in mm with a stipulated tolerance of ± 0.05 mm. 
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Appendix D: Coaxial Test Fixture 
 
Figure D.1: Coaxial test fixture bottom component.  
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Figure D.2: Coaxial test fixture cover (unslotted).  
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Figure D.3: Coaxial test fixture ends to suit Radial R125.464 SMA flange connectors.  
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Figure D.4: Coaxial test fixture top transition.  
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Figure D.5: Coaxial test fixture bias clamps (top).  
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